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PREFACE 

The scope of this book is intended to cover all that 
is generally expected of a student taking the pre-medical 
examination in Physics in this country. It is inevitable 
with the growth of both subjects, medicine and physics, 
that certain aspects of physics are seen to become more 
and more valuable in their application to medicine, and 
although it is impossible for educational authorities to 
change the scope of the subject with every advance in 
physical science, yet there is a gradual change occurring 
which is reflected in examination papers, showing that 
more attention is directed to those branches of physics 
which have a direct bearing on medical science. 

One aim of the book has therefore been to cut down 
to a mmitnum subjects such as Sound and Magnetism 
and to go into greater detail in the other parts of the 
subject, giving due weight to Mechanics, without some 
knowledge of which the subject of physics cannot be 
properly studied. 

Another ainr has been to indicate throughout the 
text some direct applications of physics in medicine, 
hoping in this way to create an interest among medical 
students in a subject which is often rather disliked. 

A systematic course of physics hicludes lectures, 
practical work, and the working through of numerical 
examples. An excellent selection of these examples is 
given in the many editions of Jones’s “Examples in 
Physics,” and no attempt is made to include them to 
any appreciable degree in the text here. As far as 
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practical work is concerned, this is best done unc 
personal supervision in the laboratory, so that detail 
descriptions of experiments are omitted and attenti 
focused upon the general principles of the subject. 

I have much pleasure in thanking Mr B. D. j 
Watters, M.Sc., and Miss G. M. Scott for reading t 
proofs ; Mr Watters again for the original photograp 
in Figs. 100 to 102, showing the distribution of magnel 
fields in special cases; Miss Clephan for all the care s] 
has given to the drawings; Mr Cuthbert Andrews f 
the illustration of an X-ray tube; and Messrs Chapmr 
& Hall for permission to reproduce several illustratioj 
from the book “ Physics in Medical Radiology.” 

THE AUTHOR. 


Londonj Ocloher 1928 , 
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Physics for Medical Students 


CHAPTER I 

MECHANICS 

The subject of Physics has largely to do with measure¬ 
ment, and differs in this way from the more descriptive 
sciences. This is not to say that the description of 
phenomena is outside the scope of physics; far from it, 
because one of the chief aims is to understand how things 
happen; how, for instance, some bodies float in water, 
how sound makes its way from a sounding body to our 
ears, how electricity travels through a circuit, and so 
on. The difficulty of explaining these things becomes 
more and more manifest the more the phenomena 
themselves are probed, and in the course of this probing 
it is found that more and more comes to light if we can, 
as it were, measure the effects as we go on, so that 
measurement plays an enormous part in the study of 
physics and in its advancement. 

The fundamental units of measurement are those of 
mass, length, and time. These conceptions are very 
familiar to us, although we may never have learnt to 
use them very exactly. It was agreed in 1873 by 
physicists to use certain units for measuring these 
quantities, and they are specified as follows :— 

■ The unit of mass is called the gram (or gramme) 
and is one thousandth part of a mass of platinum kept 
in Paris and called the Kilogram des Archives. 

The imit of length is called the centimetre and is 
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one hundredth, of the distance between the ends of a 
ceiiain bar of platinum at 0° C., also kept in Palis. 

The unit of time is the second and is one eighty-six- 
thousandth part of the time taken for the earth, to 
rotate upon its axis. 

In physics we are very quickly called upon to 
measure and compare forces, and our conception of force 
is based on the early work of Newton upon the motion 
of material bodies. 

The simpkst way of studying motion is to thinlc ol 
the motion of a particle, and by a particle we mean a 
mass so small that it can be considered as concentrated 
at a point. In this way we get over the difficulty, 
which has, of course, to be met later on, of thinking 
about the different motions which different parts of the 
same body may have at the same moment; for instance, 
a wheel rolling along the ground has a complicated 
motion. 

Let us consider a particle which is moving in s 
str^ht line and going from A to B. If it travels witi 
uniform velocity v for a time t, the distance s travelled 
is_ obviously s=vt. If, however, it is not travellinc 
with uniform velocity, it is said to be accelerated 
we reckon this positive if it is gaining, but negative if i1 
IS. losing velocity. The only case of acceleration whicl 
will be considered here.is when it is uniform, i.e., whei 
equal amounts, of velocity are gained or lost per unit o 
tune. Let this acceleration be a, and let the initia 

j particle be fi. Then a units of velocity an 

added on every umt of time. 


Ine velocity at the end of the 1st second will he pi + a. 

” ” ” 2nd „ „ 

” ” » 3rd „ „ + 

XT ” i.T. J’ i ” * seconds will be u+at. 

Hence the final velocity is given by V=/r+at . . (] 

m 1 Tf 1 V«s\easily seen by the help o 

1. If we mark off on the vertical axis, the velocit 
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at any time, beginning with the point E corresponding 
to an initial velocity fi, we find that the velocities at 
the end of 1,2,3 ... i seconds lie on the straight line ED, 



and since the space traversed by the particle is always 
the velocity (if constant) multiphed by the time, we can 
see that the area of the figure AEDB will give us a measure 
of the distance travelled. 

The area of Kg. AEDB is AECB +EDC 
=Mi+pC.D0 

=vi+^{t{v -u)), V being the final velocity at D 
== ut + 

=\(u+v)t. 

But we have seen from equation (1) that v=u-¥ at; so 
substituting this value for v, we have for the distance 

. . • (2) 

The final velocity of the particle can be found in terms 
of u, a, and S by eliminating the time in the following 
way:— 

, , , v-u 

■v=u+at t= - 

a 

a 

2aS=-2# + - 2m 

^2_^2^2aS 


or 


(3) 
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With the help of these three equations we are able to 
solve any case of uniformly accelerated motion of a 
particle. 

Exayrvple,—k particle starts with a velocity of 10 ft. per sec. 
and has an acceleration of 20 ft. per sec. per sec. How far will 
it go in a minutCj what velocity will it then have, and what is its 
average velocity for the whole distance traversed ? 

Using S ^ut and putting in values, we have 

Distance == 10 x 60 + J. 20 x 60^ ft. = 6 *93 miles. 

The final velocity is got from the equation 

^ 4 -== 10 + 20 X 60 = 1210 ft. per sec. 

The average velocity is given by —— ; hence in this case 

A 

. . 10+1210 

it IS---=610 ft. per sec. 

A 

In specifying an acceleration, time has to be stated 
tvrice; this is because it is a rate of change of velocity, 
and a velocity requires time in its specification. 

We know that things dropped usually fall to the 
ground, and most bodies do so very quickly. Up till 
the time of Galileo it was thought that the heavier 
the body, the quicker it would fall. Galileo (1564-1642) 
dropped weights of different substances from the leaning 
tower of Pisa and showed that they all reached the 
bottom in the same time, or very nearly so ; the small 
differences he rightly attributed to the different degree 
of air resistance they encountered. 

The cause of this fall to the earth is the earth’s 
attraction, and the particular force acting is called the 
gravitational force. W e shall see in a later section that 
the effect of force apphed to a body is always to produce 
or to tend to produce an acceleration of the body, and 
in this case the acceleration of a body let fall is called 
the gravitational acceleration. It is a very big accelera¬ 
tion, and in London has a value of 'about 32 ft. 
per sec. per sec., or 981 cm. per sec. per sec. Its value 
varies slightly over the surface of the earth, being 
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greatest at the poles and least at the equator. It is 
generally referred to as g. 

Example .—^How far will a body go in 10 seconds if let faU 
under gravity ? In this case the initial velocity u-o. 

Using equation 

S=Mi+ia/.2=o+i32.102 = 1600 ft. 

It is very inconvenient to measure g by any observa¬ 
tions of this kind. It is much more simply and 
accurately done by means of the device known as a 
simple pendulum. This consists of a small leaden ball 
suspended by means of a thread which is fixed to a 
rigid support. If the bob of the pendulum is pulled aside 
through a small angle and let go, it swings to and fro 
and is said to execute simple harmonic motion. Even 
though the resistance of the ah' damps down the swings, 
the time for a complete to and fro motion is not changed. 
The time of swing T depends only on the length of 
the pendulum, i.e., the distance from the point of 
support to the centre of the bob and on the gravitational 
acceleration. 

The expression connecting these quantities is :— 



Experimentally the time for 50 or 100 complete swings is 
found and the time T for one swing deduced from the 
result; hence g is foxmd. 

We cannot actually measure a velocity by simply 
finding the distance passed over in a given time; by 
this we only get the speed, wliich has no reference to 
dhection, and tliis is called a scalar quantity. To 
determine the velocity the direction is also required, 
and for this reason a velocity is called a vector quantity. 
The length of a line is often taken to represent the 
speed of a body; the direction that the line is drawn 
with reference to some axes gives the additional data 
required to specify the velocity. Now any change in 
velocity means an acceleration, so that accelerations are 
also vector quantities. If a body changes its direction 
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TOthoiit altering its speed, its velocity nevertheless 
changes, and therefore it is accelerated. A good example 
of this is to take a simple pendulum and make the hob 
move round in a horizontal circle; its speed may be 
quite uniform, but its velocity is changing because its 
direction is being altered at every instant, therefore it 
is being accelerated. In what follows we shall see that 
this implies that some force is acting all the time on the 
bob of the pendulum. 

To Newton (1642-1737) we owe the statement of three 
laws of motion which are true for all the motions con¬ 
sidered here. These laws are due more to Newton’s 
extraordinary insight into the properties of matter than 
to any elaborate set of measurements; in fact it is 
questionable whether Newton ever actually devised any 
experiment to test the first of these laws. 

1st Lmw .—^That every body perseveres in its state of 
remaining at rest or of moving uniformly in a right 
line, except in so far as it is compelled by impressed 
forces to change its state. 

Law .—^Drat change of motion is proportional to 
the impressed moving force and takes place along the 
right line in which that force is impressed. 

3rd Law .—That reaction is always opposite and 
equal to action, or that the actions of two bodies mutually 
on one another are always equal and tend in opposite 
directions. 

The first law is often called the law of inertia. 
Things stay exactly as they are, at rest or in uniform 
motion, unless some force acts on them. A force apphed 
to a body at rest does not necessarily set it in motion ; 
but it tends to do so, and our conception of force is 
essentially th^, that when applied to a body it tends 
to accelerate it. 

Tire second law gives us a means of measuring and 
comparing forces. Let us suppose that a force F applied 
to a mass m gives it an acceleration; then a force twice 
^ big will give the same mass twice the acceleration. 
There is, in fact, a strict proportionality between the 
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foi’cs applied to a body of mass m and the acceleration 
a that it produces. If the same force acts on a smaller 
mass, it is found to accelerate it more; if on a large 
mass, then the acceleration is proportionately less. 

This is expressed by saying that force is proportional 
to the product of mass and acceleration, or F =via, the 
constant of proportionality being made unity. 

Unit force is that force wliich, acting on unit mass, 
gives it unit acceleration. On the C.G.S, (centimetre, 
gram, second) system of units this force is called the 
dyne and is that force which, apphed to a mass of 
1 gram, produces upon it an acceleration of 1 cm. 
per sec. per sec. 

On the F.P.S. (foot, pound, second) system of units, 
this force is called the poundal, and is that force which, 
apphed to a mass of 1 lb., produces upon it an accelera¬ 
tion of 1 ft. per sec. per sec. These are called the 
dynamical units of force. Engineers make more use of 
gravitational units of force, and these are derived in 
the following way. 

Newton showed that bodies are attracted to the 
earth by virtue of what he called the gravitational 
force. This kind of force is not pecuhar to our earth, 
but is supposed to be shared by matter wherever it may 
be. Newton showed that this force keeps the moon 
circhng round the earth and all the planets round the 
sim. 

The force with which the earth puUs on a body is 
called the weight of a body, and we have seen that a 
body let go near the surface of the earth has an accelera¬ 
tion g; if the mass of the body is m, then the force 
on it is given by 'E=mg ; hence if W is the weight, we 
have W=mg. 

Now, if we consider a mass of 1 lb. falling freely under 
gravity, it is accelerated by about 32 ft. per sec. per 
sec., and so this force which we call the weight of 
a pound is about thirty-two times as big as the poundal. 
This is the gravitational unit of force, namely, the weight 
of a pound, and is often more convenient to use than the 
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much smaller force, the poimdal. The gra^dtational unit 
on the C.G.S. system of units is the weight of I grm.; 
this is equal to about 981 dynes. 

It is important to distinguish carefully between 
mass and weight. The mass of a body is invariable and 
does not change with its position on the earth; but the 
weight of a body does, and if we could take a mass 
sufficiently far away from the earth, it would cease to 
have any weight. 

When we use an ordinary chenaical balance to weigh 
things, we are really only comparing the masses in the 
two scale pans. Equal masses “ weighed ” in this way 
at London and at the Equator would appear the same, 
though we know their weights would really differ 
slightly. 

A spring balance, however, does weigh bodies, 
though generally rather inacciuately. In this case we 
are balancing the real weight of the body by the pull 
of a contracting spring. 

A body in motion has momentum, and this is defined 
as the product of its mass into its velocity or mo. 

The C.G.S. unit of momentum is that of a gram 
travelling with a velocity of 1 cm. per sec. No 
special name is given to this unit. We can, of course, 
only change the momentum of a body if we change its 
vdocity (mass being unalterable), and we can only do 
this by exerting a force on it; so if we think of a whole 
lot of masses travelling about in different directions 
with constant velocity, then nothing can change the 
total momentum of this system unless an external force 
is brought to bear on it. Suppose, however, that no 
such thing is done and the bodies are considered immune 
from any outside forces. Newton’s third law implies 
that the momentum of this collection of moving bodies 
must for ever remain unaltered. Such a conclusion is 
sometimes expressed by the term “ the conservation 
of momentum.” Let us suppose that two of the bodies 
m this moving collection happen to have a head-on 
collision; certainly their velocities wfil alter, but the 
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principle states that their total momentum after the 
collision is exactly the same as it was before. If nii, 
vh are the masses, and ®i, the velocities before and 
Vi, the velocities after collision, we may write : — 

+maU 2= 

A good example of the use of this principle is in finding 
how a gun recoils when a shot is fired from it. Initially 
we consider the gun and shot at lest, therefore the 
system gun + shot has no momentum. Hence when the 
shot is fired, the system gun + shot can still have no 
momentum; the shot has got a velocity and the gun 
will have a velocity, the velocity of recoil, but they 
are in opposite dhections, and the momentum of the gun 
just cancels the momentum of the shot. 

Example .—^A 10-ton gun at rest fires a shot of 224 lbs. Avith a 
velocity of 1,000 ft. per sec.; find the velocity with which the 
gun recoils. 

Momentum of gim and shot before firing 

=• momentum of gmr and shot after firing. 

0=10 X 2240 X velocity of recoil - 224 x 1000. 

AT- 1 -4. f -I 224 X1000 , f, 

Velocity of recoil = , „ 10 ft. per sec. 

^ 10 X 2240 ^ 

When a force moves its point of application it is 
said to do work, and the amount of work done is measured 
by the product of the force into the distance moved in 
the direction of the force. 

Thus Work done=force x distance, 

or W=F.S. 

The imit of work in the C.G.S. system is called the 
erg, and is the work done by unit force movmg through 
unit distance, i.e., a dyne through a centimetre. The 
unit of work on the F.P.S. system is called the foot- 
poundal, and is the work done by unit force moving 
through unit distance, i.e., a poundal through a foot. 
Engineers find this rather a small unit of work and 
generally use a gravitational unit of work, namely, the 
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foot-pound, which is the work done by the weight of a 
pound moviug through 1 ft. 

Our impressions of work are very often influenced by 
the rate at which the work is done. If we take three 
fligh ts of steps at a run, we do no more work than if we 
take them leisurely, though our impression is otherwise. 
In the former case, however, we have to exert much 
more power. Power is defined as the rate of doing work. 

The engineer Watt made an estimate of the rate of 
work which could be expected from an “ average ” horse 
and arrived at a figure which has been adopted as a 
horse-power (H.P.). 

1 H.P. -550 ft.-lbs. per sec. 

=33,000 ft.-lbs. per min. 

The term energy is used to denote the capacity for 
doing work. If a system has work expended on it, then 
we say that the system has gained energy. If, for 
instance, we raise a weight to some height above the 
surface of the earth, we do work against the attractive 
force of the earth and give the weight energy ; it retains 
this energy until such time as we use it. By virtue of 
its position, with respect to the earth, we say it has 
potential energy and the amount it possesses is in exact 
proportion to the amount of work done in getting it 
to its position. If the weight be W and the height to 
which it is raised is h, then : — 

Potential energy='WA grawtational units 

=Mg . h dynamical units of work. 

The units of energy are those of work, so if we 
measure the work in C.G.S. units, the energy will be 
in these units, viz., ergs; if in F.P.S. miits, the energy 
will be in foot-poundals or foot-pounds. In many 
cases when work is done upon a body it is set into motion 
and the energy it now possesses is called Idnetic. 

Let us suppose a body of mass M is travelling with 
a velocity Y, and we want to find how much kinetic 
it has. If it has energy or capacity for doing 
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work, then this be just equal to the work we should 
have to do in order to stop it. Let the body be stopped 
by applying a force F in the opposite direction to that 
in which the body is travelling, as in Fig. 2. 


>1 

I 

Fig. 2. 






The immediate action of the force F on the mass 

is to give it a backward acceleration This will, 

of course, gradually slow the body down. Let S be the 
distance it goes before coming to rest, and therefore 
having no kmetic energy. 

From the relation V^=M2+aS 

we have 0=V2-2aS=V2-2? . S. 

M 

.-. iMV2=FS 

=Work done by the applied force 
=Kinetic energy of the body. 

It is a matter of experience that we cannot get more 
work out of a machine than we put into it; actually 
we never get quite so much because of frictional and 
other losses. This general experience, combined with 
accurate observation of the way in which energy can 
be converted from one form into another, has led to 
the recognition of a very important principle known 
as “ the conservation of energy,” which states that 
energy cannot be created or destroyed, but that it can 
be changed so that it alternately appears in potential 
or kinetic form. 

To return to the case of a weight hfted off the 
groimd: the higher it is raised, the greater its potential 
energy becomes. Now, suppose that the weight is let 
go, it drops towards the earth with velocity increasing 
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as it goes, its kinetic energy increasing as its potential 
energy diminishes. Just before contact with the earth 
its energy is practically all of the former and none of 
the latter kind; a moment later it strikes the earth 
and comes to rest, its kinetic energy apparently gone 
also. This looks like a direct contradiction of energy 
being conserved, because it appears to have completely 
vanished. Accurate observation has, however, shown 
that heat is produced on impact of the body with the 
earth, and we shall see later that there are good reasons 
for believing that heat is a kind of motion, although 
this is generally quite invisible. So that the visible 
kinetic energy has really been converted mto the in¬ 
visible motion that we call heat; a little of the energy 
will very likely be converted into sound energy, and 
this is also invisibly kinetic. Once the stage in scientific 
thought had been reached that warranted a belief in 
the conservation of energy, there was little excuse for 
the genius of inventors being spent in trying to devise 
machines which would give perpetual motion. This 
inventiveness is now directed towards getting nearly as 
much energy out of a machine as is put into it, not more. 

We have seen that, in order to specify a velocity 
correctly, we need to state the direction in which the 
body is travelling; if we reckon this positive when the 
body is going, say, from left to right, then it will be 
negative when from right to left, and similarly with 
accelerations and forces which are also vector quantities. 
The kinetic energy of a body is |MV^, so whether the 
velocity is positive or negative we see that the Idnetic 
energy, because of the squared term, is always positive ; 
we cannot have a body possessing a negative amount ol 
energy. I4et us now consider a body travelling wit! 
velocity V in a north-easterly direction: let us marl 
off along the line OA in Fig. 8 a length proportional t( 
the speed of the body, the angle 0 detemoining its direc 
tion. Now, although the body is travellmg neither dm 
north nor due east, it has a tendency in both of thesi 
directions; for, at the end of unit time, the body havinj 
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airived at A, it will be both more northerly and moie 
easterly than it was at 0. We may resolve the velocity 
V into two components, one of which would be given 
by ON, the other by OE. Conversely, if the body had 
simultaneously the velocities represented by ON and 
OE, then it would have a resultant given by OA, 

Many problems are easily solved by this method of 
resolving a velocity, acceleration, or force into com¬ 
ponents and vice versa by getting the resultant of 



two or more velocities, accelerations, or forces acting 
simultaneously on a body. 

As we shall frequently have occasion to refer to 
certain trigonometrical relations, these will be mentioned 
here. If the two lines AB and AC in Fig. 4 include any 
angle 6* and from any point B, a perpendicular is drawn 
to AC, then :— 


AB hypotenuse 

AC base . . . 

=--—_ = cosine ^ or cos 

AB hypotenuse 

BC perpendicular , x ^ 

= -= tangent 0 or tan fJ, 

xxU oase 


If we take an equilateral triangle ABC in Fig. 5 
and drop a perpendicular BD, the angles of the A 
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BCD are 30°, 60°, and 90°. Let DC=1 unit of 
length. 

Hence Sin 0°= 0 and cos 0°= 1. 

Sin 30° = i and cos 30° = 

Sin 60° = ^ and cos 60° = 

Sin 90° = 1 and cos 90° = 0. 

Values for any other angle can be got from mathe¬ 
matical tables. n . 1. • • 1 

The reader will have no difficulty in obtaimng values 



for an angle of 45° by constructing an isosceles triangle 
and proceeding in the above way. 

Turning now to Fig. 3 we see that the components 
of the velocity V, namely ON and OE, could equally 
well be written V sin B and V cos B. Let us now con¬ 
sider a particle which is acted on by forces F^ and F^ 
which can be represented in magnitude and direction 
by the lines OA and OB in Fig. 6. Their resultant will 
be OC, the diagonal of the parallelogram OACB, which 
is called the parallelogram of forces. The particle 0 
wOl, if free to do so, move in the direction OC. If we 
wanted to prevent this, it would be sufficient to use 
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another force F and make it act along OC' exactly 
opposite to the direction OC. If we do this, the particle 
at O win not move in spite of three forces, F^ and Fj 
and F (along OC'), acting upon it; the necessary condi¬ 
tion is that one of them balances the resultant of the 
other two. 

It is necessary to discuss the equilibrium of bodies, 
and by equilibrium we mean that however many forces 
there may be acting on a body, the whole effect is that 
the resultant force is zero, so that the body acted on 
remains at rest ,or in steady motion, i.e., no acceleration. 

Say that a particle at 0 were subject to three 
velocities simultaneously and that the lengths OA, OB, 
and OC' represent 
in magnitude and 
direction these 
three velocities; 
then the particle 0 
wiU remain at rest. 

We see that the 
triangle OAC, 
which is called the 
triangle of velo- I'm. 7. 

cities, is such that 

its sides taken in order represent the three velocities. 
A similar condition holds when we can find a triangle 
of forces to represent three forces acting simultaneously 
on a particle, i.e., the particle remains in equilibrium. 

Inclined Plane. —Say that we have a mass on an 
inclined plane, as in Fig. 7. The effect of gravity is verti¬ 
cally downwards, and were it not for the plane the mass 
would, of course, have the acceleration g vertically down¬ 
wards. We may resolve this acceleration into two com¬ 
ponents, one along the plane and the other vertically to it. 

Let AB represent g, draw AC perpendicular to the 
plane, and drop BC perpendicular to AC. 

Then CB = AB sin 0 

=g sin 9, is the acceleration of the mass m down 
the plane. 
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However slightly the plane is tilted there is a 
positive acceleration down the plane, yet experience 
teUs us that a body can stay where we put it on an 
inclined plane, even though the plane is tilted to quite 
a large angle; this is due to friction. Friction is a force 
which tends to stop the relative motion of bodies; 
practically speaking, whenever we try to move bodies 
about, frictional forces come into play and we have 
to do extra work in overcoming these forces. Friction 
is evident in the motion of sohds, liquids, and gases. 



W 

Fiq. 8 . 


Say that we have a small block of wood on a wooden 
plank, as in Fig. 8. If we apply a horizontal force F 
to the block, then however small F may be, it will set 
the block into motion if the wood surfaces are perfectly 
smooth. This is never found to be the case and, if 
we begin with a force F, which is small, we may gradu¬ 
ally increase it without causing the block to move; 
then suddenly it does move and we say that the limiting 
amoimt of friction between the two surfaces has been 
reached. Theoretically, we may speak of a perfectly 
smooth surface and we look upon it as one which can 
only give a reaction R which is perpendicular to itf 
surface. In a rough surface this reaction R is not per- 
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pendicular. In the case in question we see that just 
before the body starts into motion under the action 
of the force F, the vertical component of R balances the 
weight W and the horizontal component of it balances F. 

The ratio ^ ^ =taii 0 =u, the coefficient of friction. 

W Rcos^J ^ 

We may take as examples of motion on smooth and 
rough surfaces, the case of a mass M on a hori¬ 
zontal table attached by a string to a scale pan hanging 
vertically and carrying a mass m, as in Fig. 9. 



If tlxe table is smooth, i.e., no friction, the mass 
M moves to the right with an acceleration given by the 
equation F = total mass moved x acceleration. 


Acceleration = ■ ^ 

Mass moved M+m* 

No matter how small m is, M will move with some, though 
it may be a very small, acceleration. 

If the table is rough and ju. the coefficient of friction, 
then M will not begin to move until the tension T of 
the string caused by the pull due to the weight of the 

mass m is equal to nMg, because /j, by definition. 

If m is increased beyond this value, the mass M is 



- Jr? 


I 




' i 
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accelerated and so the effective force causing motion 

vdll be wg-/xMg. 

. {m-fj-M-jg 
••• Acceleration = —-g • 


gi-m, 


If u.= -l (a very small degree of friction), M = 100 
. and m = 50 grra., the acceleration would be 


(50 cm. per sec. P^^°:=261 cm. per sec. per sec. 

150 

Moment of a Force.— When a force is applied to a 
body, the effectiveness of the force depends very much 
on 4e way it is applied. A small force applied m the 
usual way is sufficient to open or close a door, but to 

do the same thing 



by applying a force 
near to the hinges 
means that we have 
to use a much 
bigger force. 

A body which 
preserves its shape 
and size whatever 
we do to it is called 
a rigid body. Let 


0 be any point in a rigid body (Fig. 10) to which we 
apply a force F, then the moment of F with respect to 
the point 0 is the product of F and p where p is the 
perpendicular divStance from 0 on to the hne of action of 
F. If AB represent F in magnitude and direction, then 
the moment of F about 0 is ¥p. 

Joining OA and OB, we see that 

A0AB=|j5 . AB. 


Hence the moment of F about 0 is given by twice 
area of aOAB. 

A force directed through 0 has no moment at all 
about 0. 

We have seen that two forces inclined to one another 
at any angle may be said to have a resultant, the 
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numerical value of which is given by the parallelogram 
of forces. It may easily be proved that the moment 
of the resultant about any point = sum of the 
moments of the individual forces about the same point. 
{Vide Porter’s “ Intermediate Mechanics,” p. 150.) 

We may use this 

important theorem to o A B c I> 
get the resultant of 
any number of parallel 
forces. 

Suppose that three 
forces Fj, Fa, and Fg 
are applied to a rigid 
bar, as in Fig. 11. 

Thenifwetake 

moments about any ^ 

point 0, the moment n- 

of the resultant is 

equal to the sum of the moments of the individual 
forces. 

Let the resultant R act at C; this point is found 
as follows :— 

ExOO=FixAO+P,xBO+I’3xDO, 
but E=Fi+F 2 +F 3 , 

0C=FixAO +F2 xE 0+F3xD0 
F^ +F2 +F3 

If we want to prevent the bar moving vertically 
downwards, all we have to do is to apply a force equal 
to II vertically upwards at C. If a single support be 
placed at C, the rod will balance. 

The most important case of this Idnd that we have 
to consider is that involved in considering the weight 
of a rigid body. Let AB (Fig. 12) represent a heavy 
imiform bar. We can think of this as being made up 
of small equal pieces, and the weight of each little piece 
acts vertically downwards. 

The result is that we have a very large number of 
equal and similarly directed forces. They will have a 
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resultant equal to tlieir sum; this foi’ce is, of course, 
the weight of the bar, and the point in the bar at which 
the weight acts can be found by the rule just given. 
The point is called the centre of gravity, C.G., and in 
aU uniform bodies which have geometrical symmetry, 
its position can be seen at a glance. It will in this case 
be at the mid-point of the bar. If the bar is made 
into a circulai’ strip, the C.G. is at the centre of the 
circle (not in the body at all). If the circular strip is 
revolved about a diameter making a sphere, the C.G. is 
stiU at the centre, and so on. The C,G. of a rectangular 
plate will by symmetry again be at the intersection 
of the diagonals, and for a cube it wiU be at the centre 
of the cube. 

The weight of a body, then, for all practical purposes 



Kq. 12. 


acts through its C.G. A single force equal to its weight 
acting vertically upwards through the C.G. will, of 
course, balance the body. 

The equihbrium of a body is largely determined by 
the position of its C.G. A body is said to be in stable 
equilibrium if when it is given a slight displacement 
and the displacing force then removed, the body tends 
to come b4ck to its old position. 

If it tends to stay exactly in the displaced position, 
the equihbrium is neutral; whereas if it tends to go 
further and further from its displaced position, it is in 
unstable equihbrium.. A cone resting' on its base, its 
side, or its apex may serve as illustrating the three 
types of equihbrium. 

Machines.— The principle of moments is of great use 
m tne study of macliines, the simplest of which is the 
lever. Let AC (Fig. 13) represent a rigid bar resting 
on a fulcrum B supporting a weight W at A; then a 
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force F wiU support this weight if the moment of F 
about B is equal and in the opposite direction to the 
moment of W about B, 


i.e., 


FxBC^WxAB, or 5 = ?^- 
F AB 


The ratio 


W 

F 


which represents the ratio of the weight 


W 


B 

-- 

]fio. 13. 


F 

4 


or resistance overcome to the force applied is called the 
mechanical advantage of the system. 


If 


W 

F 


is greater than 1, we have real mechanical 



I’lG. 14. 


advantage; if it is less than 1, the contrivance would 
be working at a mechanical disadvantage. 

Say that as a variation we put the support, or fulcrum 
as it is called, at one end of the bar, as in Fig. 14, and, 
the weight W between it and F, then for a balancu:.. 
condition we have as before 

W BO ^ 

FxCB=W.AB, or = 

and this must always be greater than 1, and therefore 
there is always mechanical advantage. 

Finally, let us put F between the fulcrum and the 
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weight to he supported, as in Fig. 15, In order to 
balance the rod, we have 

FxOB=W.AB, or |r=^- 

In this type of case the machine always work at a 
mechanical disadvantage. In ^ spite of this, nmchines 
arc somctiincs run b mccliEiiical disa-dvo^nta^^c because 

of their convenience. _ 

It is at first sight ratlier extraordinary that pi'actically 
all the movements of the body in which there is leverage 
are carried out in such a way as to involve mechanical 
disadvantage. Two typical cases are illustrated in Figs. 
16 and 17. In supporting a weight in the outstretched 


W 

"T 

]?IG. 15. 


F 

A 




hand, the elbow-jomt is the fulcrum and the balancing 
force is supplied by the tendons attached to muscles 
which, by their contraction, cause a pull in these tendons. 
The obvious mechanical disadvantage is accentuated 
by the fact that the tendons puU in the forearm at a 
very considerable angle to the vertical with the arm 
fully extended; if this angle is about 80°, the pull on 
the tendon has to be very large if W is appreciable, 
since it is only the vertical component of the force that 
can help to b^ance W. 

In the second case, which illustrates the act of 
standing on tip-toe, the arrangement is a little more 
complicated, for there is a tendon on both sides of the 
shin bones, the pulls on which have to be very con,sider- 
able in order to overcome the moment of'the whole 
weight of the body about the fulcrum. If the distance 
from the pomt of contact of the toe with the ground 
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to the ankle-joint is taken as in. and the distance from 
this joint to the attachment of the tendon of Achilles 
be taken as 2 in., we may calculate the puU on this 



tendon by taking moments about the fulcrmn, i.e., 
where the toe touches the ground. 

If W= force due to tke body acting vertically downwards 
through the ankle-joint, 
vertical puU on the tendon, 
r “reaction from the groimd, 
we have W x 6|-= x 8|, 

also f+r=w.\y' 9*'' ' 

If we consider this act by a man of 10 stone, we see 
that the puU on the tendon amounts to no less than 
stone. 

''uM Returning to the simple lever shown in Fig. 13, 
the force F balances the weight W; with a long lever 
having the fulcrum very near the' weight, we can 
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balance a big weight by applying a very small force. 
We may not argue from this that we could actually 
raise the weight through a distance by the expenditure 
of less work if we used such a machine than by direct 



liftmg. Work is measured by the product of the force 
into the distance moved, and if the lever were put into 
working action we should find that, in order to raise 
VV through a small distance d, we should have to move 
the force through a much bigger distance d', so that 

or = 
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The great convenience of a machine working at large 
mechanical disadvantage is that the applied force only 
moves through a very small distance compared with 
the movement of the weight or resistance overcome. 
Hence, although the limbs in gymnastic evolutions are 
given wide excursions, the contracting muscles which 
actuate the tightening tendons stay very much in their 
places. 


T 



w 

Pig. 18. 



W 

Pig. 10. 
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W 

Fig. 20. 


A pulley consists of a wheel mounted on a shaft 
and carrying a rope which serves as connection between 
the force applied and the weight Kfted. When the 
pulley is fixed so that it is only free to rotate about an 
axis through its centre, there is no mechanical advantage. 
A single pulley used as shown in Fig. 18, however, 
gives a mechanical advantage of two. If T is the 
upward force or tension in the rope required to balance 
W, then since the moments about A are equal and 
opposite, 

W 

T Xdiameter=W xraclius, i.e., rji =2- 
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By combining a number of these pulleys, we may 
get still more mechanical advantage; it is assumed 
here that the tension of the rope is the same on both 
sides of a pulley. Hence, if we neglect the actual 
weight of the pulley and tackle, we see that by using four 
of such puUeys, as in Fig. 19, a single upward pull T 
would balance a weight W = 16 T. 

Such an arrangement is very rarely used, although it 
has big mechanical advantage. The more usual way 
of couphng is as follows: the pulleys are fixed to an 
overhead beam or structure, as in Fig. 20, and the 
lower ones carrying the weight move up and down, 
the same rope going round each pulley. In this case, 
since the tension throughout the rope is the same, vfe 
have the upward pull of T m six ropes available to 
balance the weight W. 


Mechanical advantage 


W 

P 


6 . 


In small worlcing models these numerical relations 
do not hold because the weight of the movable pulleys 
is often nearly equal to the weight being lifted, but 'in 
actual practice this weight is generally' only a s r n a ll 
fraction of the real load. 


Hydkostatics 

The study of fluids includes that of liquids and 
gases. The difference between a solid and a liquid mass 
of the same material is that when it is solid, a body has 
shape, but when it is Kquid, it has none; it takes the 
shape of any vessel into which it is poured. In some 
^ses we get bodies which it is rather difficult to classify, 
because some soHds have very httle rigidity, for example 
putty or cobbler’s wax, and some liquids such as 
treacle or pitch are very difficult to pour from one vessel 
to another; nevertheless the distinction is a real one, 
for when these substances are put to the test under very 
small forces, it is found thdt a very smaU force applied 
to a soft solid will not deform it even though applied 
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for a very long time, but thick viscous liquids gradually 
give way if small forces are allowed to act upon them 
for a long time. Gases not only have no particidar 
shape, but they have no particular volume; they have, 
in fact, no free surface ; a gas, unlike a liquid, tends to 
fill any space into which it is introduced. 

Tliough liquids and gases are much easier to deform 
than sohds, yet any change of form is to some extent 
resisted, and this is called fluid friction or viscosity. 
We have seen that in attempting to move one solid 
surface over another, there is friction at the interface; 
in the motion of liquid through a pipe there is not 
only friction between the Hquid and the inside surface 
of the pipe, but it is found that certain parts of the 
liquid are moving more quickly than others, and the 
friction that comes into play here is called viscosity. 
When water flows along a pipe the speed is greatest 
in the middle, and the water flows more and more 
slowly as we go from the central axis of the pipe to 
its inside surface; in fact, the liquid is at rest where 
it touches the surface of the pipe, except at very liigh 
speeds. Under these circumstances it is not surprising 
to find that when water is driven by the same force 
through pipes of different diameters, the speed with 
which it flows decreases very rapidly as the pipe becomes 
very narrow. This is generally expressed in the form 
of Poiseuille’s law, which states that the amount 
passing along a pipe depends on the fourth power of 
the radius; one pipe double the diameter of another 
would let ttu-ough sixteen times as much Hquid in the 
same time, other conditions being the same. The blood 
vessels of the body vary very much in diameter, the 
capillaries are often only just large enough to allow 
the passage of red blood corpuscles, while some of the 
vessels near the heart form thick-waUed tubes large 
enough to admit a finger or two. It will be easily 
understood, therefore, that while the blood is rapidly 
conveyed to distant parts of the body by the ai'terial 
system under tire driving force of tlie heart, by the 
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time it reaches the network of capillaries, fluid friction 
has slowed the rapidly moving blood stream to a very 
gentle trickle, quite insufiicient in force to ensure its 
return to the heart were it not for some additional 
mechanism which helps the return of this blood by the 
veins. 

Even though a liquid is as a whole at rest, it is 
subject to forces which must now be considered. The 
individual particles or molecules of the liquid are sup¬ 
posed to be in some sort of motion, but when we speak 
of a liquid as a whole being at rest, we mean that it is 
not obviously moving as it is when being stirred. Let 
us consider any small portion A of the liquid in Fig. 2L 
If it is at rest, it is not because there are no forces on 
it, for there are many reasons for beheving that the 
molecules aU round it are pressing on it in every direction 
normal to its surface and yet it stays at rest; the 
, conclusion is that these fluid forces balance each other’s 

I effects; there is, for instance, no particular difiGiculty 

s in seeing how the forces tending to push A from left to 

i right balance those pushing it from right to left. 

I With regard to the up and down forces, the weight 

I of the part of liquid inside A has got to be balanced 

f somehow or other, or it would simply sink under the 

i gravitational pull; but it is at rest, and so we might 

suggest that tbe upward fluid forces are greater than the 
downward^ fluid forces, and the difference is just equal 
to the weight of the hquid in A. We might go one 
stage further and say that whatever there might be 
inside the portion A, the action of the liquid in which 
it is unmersed is such that it tends to push A upwai'ds, 
j.e., there is a vertical upthrust due to the liquid. Tliis 
is a real enough thing as we can show by holding a cork 
under water and then letting it go; it happens in this 
case that the vertical upthrust is greater than the 
- downward acting weight of the cork; the same experi¬ 
ment done with a lump of lead results in the lead sinkinii 
to ge bottom of the vessel, but the upthrust is acting 
m this case too. If the cork and the lead were the 
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same size, the vertical upthrust would be exactly equal 
in the two cases, yet one body rises and the other sinks. 
The recognition of this action of the liquid is generally 
referred to as the Archimedes principle, in honour of the 
discoverer. Archimedes showed that a body immersed 
in a liquid experiences a vertical upthrust equal to the 
weight of the liquid which by its immersion it displaces. 

Now if a body immersed in a liquid exj^eriences 
' such an upthrust, we sliould expect it to lose weight. 




and this is borne out by experiment; further, it is found 
that the weight it loses is just equal to the weight of the 
liquid it displaces. This is well shown by the follow¬ 
ing experiment: A hollow brass cylinder A, in Fig. 
22, and a solid one B which just fits into the hollow one, 
are weighed in air by means of an ordinary balance. 
The solid cylinder hangs by a small tlnead to the bottom 
of the hollow one; while they are in this position the 
lower cylinder is immersed in a beaker of water, with 
the result that the balance is no longer equilibrated and 
it is found that the weights in the scale pan are heavier 

13976 

194 


139TB 
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than the cylinders. If water is now poured into the 
hollow cylinder so as to fill it, the two sides will once 
again balance, and the volume of water required is 
exactly equal to the volume of the immersed cylinder, 
so that when we immerse any body in a liquid it loses 
weight by exactly the weight of the liquid it displaces. 
The specific gravity (S.G.) of a body is the weight of it 
compared with the weight of an equal volume of water. 
The most direct way of finding this is to weigh the body 
in air (Wi) and then in water (Wg); then Wj - W 2 = 
weight of an equal volume of water. 

Specific gravity 

In many cases this cannot be done because of chemical 
action between the solid and water. Recourse is then 
had to weighing the solid in some liquid which has no 
chemical action on the solid and then determining 
the specific gravity of the liquid itself. For liquids, 
determinations of their specific gravity are made by 
instruments known as hydrometers. The most practical 
form of hydrometer consists of a hollow glass stem 
with a graduated scale, with a glass bulb containing 
mercury attached to the end. The instrument, when 
put into a hquid, floats so that it is immersed up to a 
point on the scale, the reading of which gives the 
specific gravity of the_ Hquid in which it is floating. 

specific gravity of a body must be carefully 
distinguished from its density, which is defined as the 
mass per unit volume of a body. 

The buoyancy of the air is weU shown in the case of 
a balloon. This consists of a large elastic envelope 
generally filled with hydrogen, though sometimes with 
hehum, to which is fixed an under carriage for the 
p^sengers. If is the weight of the envelope and 
W 2 that of the under carriage, then if Wj + Wg is less 
than the weight of the air, Wg, which they displace, 
there will be an upward force on the balloon equal to 
Wg-^Wi+Wg). This force causes the balloon to 
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rise, and as it does so it reaches higher strata of air 
where the air is not so dense; on this account the 
buoyancy is reduced, but this is more than offset by the 
fact that, as the external pressure on the elastic envelope 
is reduced, the gas inside tends to stretch it. This 
increase in volume causes more air to be displaced and 
the balloon would rise stdl more quickly on this account. 
Most balloons are fitted with a contrivance which allows 
the containing gas to escape, so that the envelope is 
not stretched to a dangerous extent. With the advent 
of the aeroplane, this method of air travel is not often 
indulged in, but captive balloons tethered by ropes to 
the ground are still used 
for military purposes. 

Since the weight of a 
body is proportional to its 
mass, the numbers which 
serve as a measure of 
density also serve as a 
measure of specific gravity. 

The density of water is 1 
grm. per cub. cm., that of 
copper is 8-93 grm. per Rg. 23 . 

cub. cm., and since the 

weight of 1 cub. cm. of water is 1 grm., the specific 
gravity of copper is also given by the number 8-93; in 
this case it is only a number, but the density of a body 
has dimensions, grams per cubic centimetre or pounds 
per cubic foot, according to which set of units is being 
used. 

Let us now consider a hquid of density p in a vessel 
and imagme a horizontal area of 1 sq. cm., at a depth h 
cm. in it, as in Fig. 23. If we ignore for the moment 
the hquid beneath the area, then it is clear that there 
is a column of hquid above it whose weight is pressing 
down on the area. The volume of ihis column is 
/i X1 cub. cm. and the weight of it will be hp grm., 
and the force pressing down on the area wih be hpg 
dynes per sq. cm. This is known as the fluid pressure. 
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or rather the j»ressure, i.e., force per unit area. The 
liquid below the area presses upwards on the area witl: 
just this force and so balances the downward one. 

It is customary to speak of the pressure at a point 
in a liquid, and by this is meant the force acting on a 
unit area surrounding the point in question in such a 
way that all parts of the area are at an equal depth 
in the hquid; if the area were placed vertically, it 
will be seen that the force of the liquid would be less 
at some places than at others. If an area A were placed 
with respect to the point, so that all parts of the area 
were at the same depth, i.e., horizontally, we can see 



Fig. 24. 


that the force acting on this area will be A times the 
pressure, le., klipg dyiies, if A is in square centimetres, 
the other quantities being also expressed in C.G.S. units. 

Experimentally these considerations are found to 
hold quite exactly, and the pressure at any depth in a 
liquid is found to depend only on the quantities which 
have been specified. 

^ Further, it is found that if any external pressure 
^ hquid, it is transmitted equally in every 
direction throughout the Hquid. This is well shown 
by an arrangement caUed the hydrostatic paradox; 
two vertical tubes of cross-sectional areas, a and A, 
are ]omed by a horizontal tube and the whole arrange- 

Imagine pistons 

fitted at the tops of the two vertical tubes and a force / 
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applied to the smaller one. Since the area of section 
is a, this force will give rise to a pressure //<* and this 
will be transmitted equal in every direction through 
the rest of the liquid; on the under surface of the 
large piston the pressure will also be fja, and therefoi'e 

the force acting will be F where F = '^ x A. 

d 

■ 

■ ■ / a 

It is thus seen that a very small force / could balance 
a large one F, and the ari’angement resembles that of 
a lever having considerable mechanical advantage. Use 
is made of this in the hydraulic press invented by Bramah, 
which bears his name. 

It should be noted here that hquids are practically 
incompressible, there being no sensible diminution in 
their volume when enormous pressures are brought to 
bear on them. 

SuEFACE Tension. —^The free surface of a liquid at 
rest is horizontal; if it were not we should, of course, 
expect the part at a higher level to flow towards that at 
a lower level; if, however, we look carefully at the 
level of water in a beaker, we see that where the water 
meets the glass it seems to be drawn up towards it. 
This effect is due to what is called surface tension; 

If we imagine the beaker to become very narrow, then 
there will be no level part in the middle, and in fact by 
giving water the chance of coming more and more under 
the influence of this force, it can be drawn a considerable 
way up a narrow hoUow glass tube; this is often 
called capillary attraction and the tube is called a 
capfllary tube. In this case the water will stand at a 
height li in the tube above the ordinary level of the 
water, as shown in Fig. 25. If T is the surface tension 
of the liquid, then we have to think of this force acting 
round the ring of water where it touches the glass, 
and the effect of this force is to pull the water up the 
capillary; it pulls the water up until the weight of 

3 
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the water in the capillary actmg downward just balances 


r^us of the tube and p the density of th( 
liquid, we have 


T y 2'rrv = 7rv^Ap<7. 


/. T- 


yhpg 

2 


dynes per cm. 


For pure water the value of T is about 72 dynes 
per cm. Observation shows that m the case o 
mercury it is not pulled up inside a capiUary but pushed 



Fig. 20. Ko- 20. 


downwards; the surface of the mercury would be as 
shown in Fig. 26. In such cases the liquid is said not to 
wet the glass, though it stiU has a surface tension. 
The fact that mercury stands lower in a capillary tube 
than in the liquid outside has to be borne in mind in 
making a barometer; with a wide tube the extent of 
the drag down is very small and is referred to as the 
meniscus correction. 

AH liquids exhibit surface tension under appropriate 
conditions, and it is due to this force operating that 
water drops are formed, the force acting in such a way 
as to make a given volume of water have the least 
possible surface, i.e., a sphere. When raindrops are 
formed they usually start by being very minute spherical 
drops, so small that they are spoken of as a mist or fog; 
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but where there are many of them in a small space, 
they coalesce to form bigger drops which stiU remain 
spherical. As they get bigger they begin to move 
downwards with appreciable speed, and owing to the 
resistance which they meet as they fall through the air, 
they are deformed and get elongated. Many different 
forms are possible for a hquid when under the action 
of surface tension, as may be seen in soap bubbles, 
but here again the spherical bubble is the most stable 
form. 

Atmospheric Pressure. —^The atmosphere of the 
earth surrounds it and extends upwards to a great 
height, although it gets appreciably less dense as the 
distance from the earth’s surface increases. This belt 
of air exerts a pressure in the same way as a liquid does, 
but the ordinary expression giving the pressure at a 
depth {f = pgh) in a homogeneous Hquid does not hold 
in this case, because the vertical gradient of density 
in the atmosphere is comparatively steep. 

The fact that the atmosphere exerts a pressure was 
first shown by Torricelli, who in 1643 took a long glass 
tube sealed at one end, filled it with mercury and 
inverted it over a bowl of mercury; the result was that 
some mercury stayed in the tube and a column of 
mercury about 30 in. high stood above the level of 
the mercury in the outside vessel. The effect was rightly 
attributed by TorriceUi to the action of the atmosphere 
pressing on the mercury and thus supporting the column 
within the tube. The space at the top of the tube 
contains no air and is often known as the Torricellian 
vacuum. The fact that the mercury column only 
reached up to a certain height indicated that the atmos¬ 
pheric pressure could only support a certain weight 
of mercury. 

A few years after this discovery, Pascal showed that 
when a TorriceUi tube was carried up a mountain the 
mercury stood at a lower level, and he inferred that this 
was due to a real diminution in the pressure as one 
ascended into the earth’s atmosphere. This is a fact 
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keenly realised by airmen flying at great heights; the 
discomforts of a freezing atmosphere are doubled bj 
the extra effort involved in living in air wliich gets poorer 
in its supply of oxygen. 

The air over the earth is rarely stationary; there 
are the big displacements caused by prevalent winds 
which may come from the same quarter for days, there 
are big upward movements of the air which are the 
precursors of rain, there are cyclonic states in which, 
over localised stretches, the atmosphere is rotating as 
well as moving in a definite dhection as a whole, and 
there are the other quieter movements which result in 
the piling up of the air leading to the spells of quiet, 
fine weather that we call anti-cyclones. 

If the height of the mercury standing m the Torricelli 
tube be watched, it will be found day by day to alter, 
sometimes rising, sometimes falling. The height is 
proportional to the pressure of the atmosphere, and the 
apparatus when used for this purpose is called a 
barometer. Care has to be taken that the last traces 
of air are got out of the space above the mercury, 
otherwise this exerts a pressure downwards and the 
mercury stands too low. 

A wide tube should be used, otherwise the surface 
tension (p. 34) causes the mercury to be pulled slightly 
down the tube. A brass scale with vernier attachment 
makes it possible to read a barometer accurately to 
about one hundredth of a millimetre. In order that 
the observed height should serve as a reliable measure 
of the pressure of the atmosphere, we have to apply 
some corrections ; the following are mentioned in their 
order of importance. Barometric readings are reduced 
to what they would be it the temperature were 0° C. 

1. Temperatuhe.— ^Mercury expands when it is 
heated, so if the level is at a height k when the 

height ho at a temperature of 
U C. would be less than this, and the relation between 
the two is given by 

ho ~h(li — 
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where ^ is the coefficient of expansion of mercury and 
has the value -000181, and t is the temperature centigrade. 

2. Temperatuee. —^The brass scale expands when it 
is heated, and this makes the reading h at a temperature 
t a lower one on the scale than if the reading had been 
made at 0° C. In this case 

Ao=i^(l +a<), 

where a is the linear coefficient of expansion of brass 
and has the value -000019. Combining 1 and 2, we 
may write for the corrected height— 

JIq = A(1 + (a — jS)0- 

The reader will no doubt on first reading find some 
difficulty in these expressions if he 
knows nothing of the subject of 
temperature measurement or of ex¬ 
pansion coefficients. These matters 
are dealt with in Chapter II. 

3. Vapoue Peesstjee. — Here 
again we have to deal with a 
phenomenon which comes in for 
better treatment in Chapter II. 

But we may say here that the 
space above the mercury column 
contains some mercury in the form 
of vapour; this exerts a downward 
pressure on the mercury, and the effect gets more pro¬ 
nounced the higher the temperature. 

4. Sea-level Coerection. —Meteorological observa¬ 
tions at different heights above sea-level are brought 
to the same level by using a correction amounting to 
- 1 - -13 mm. per 1,000 metres above sea-level. 

5. Capillarity. —^The surface tension of the mercury 
tends to puU the mercury down the tube slightly. For 
a tube 2 cm. diameter, the amount is very small and 
the correction is about -02 mm. to be added to the 
actual reading. 

The device known as the siphon depends on the 
pressure of the air for its action. It consists of a tube 
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full of water connecting two vessels which are at differen 
levels, as shown in Fig. 27. When in action, wate: 
flows from one vessel to the other in spite of the fae 
that it has to go vertically upwards over one part o: 
its path. The reason for the direction of flow may b( 
seen from the diagram by considering the pressures a1 
B and C. Let P = atmospheric pressure. The pressure 
at B is less than that at the level A and is given by 
P-hipg, where p is the density of the liquid. The 
pressure at C is similarly P - h^pg. 

Therefore the difference of pressure between B and 
Pg{}ii-\). The bigger the difference (^2 - ), the 

greater the speed of flow. 

A suction pump depends on the pressure of the air 
for its action. A vertical pipe has its lower end in 
water; the upper end is fitted with a piston and valve, 
as shown in Eg. 28. When the piston moves down 
it shuts the valve B and opens A, thus letting water* 
into the space above, from which it goes out by the 
outlet D. On the upstroke A closes, B opens, thus allow¬ 
ing water to enter from the supply at C. 

A force pmnp is used when water under pressure 
is wanted, as in a fire-engine. The action can readily 
be understood by reference to Fig. 29. When the 
piston moves down it shuts the valve B and opens A 
by virtue of the compression it produces on the water 
m the cylinder. On the upstroke A closes and B opens, 
thus allowing wafer to enter the cylinder again. 

It win be readily seen that water will not rise from 
0 up mto the pump in either of these cases if the height 
BC exceeds that of the water barometer. 

Although we may look upon liquids as practically 
incompressible, this is far from the case with gase^ 
for qmte small changes in pressure can cause appreciable 
changes m their volume. Robert Boyle (1627-91) 
oimd that a very simple law expresses the relation 
betvreen the pressure and volume of a gas. Experi- 
men ^ g wilh ah, he found that if he doubled the pressure 
on air, enclosed m a tube, the volume was halved; by 
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doubling the pressure again, the volume was again 
halved, and so on. He states that the volume of a 
gas varies inversely as the pressure to which it is sub¬ 
jected, provided the temperature remains constant. 
This latter is a most important point, because if the 
temperature does not remain constant when the pressure 
changes, the simple relation does not hold. There are two 
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ways in which a gas can be compressed or expanded: 
we may do it isothermaUy, i.e., so that no change of 
temperature occurs, or we may do it adiabatically, 
i.e., so that no heat goes into or out of the gas during 
the change in pressure. If we do it in the latter way, 
we find that suddenly increasing the pressure on a 
gas warms it, and suddenly decreasing the pressure 
cools it. Later it will be seen that when a gas is warmed 
it expands, and when it is cooled it contracts, so that it 
is easy to see that Boyle’s law does not hold unless the 
temperature of the gas remains constant. 
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We shall see later that air may be liquefied, and lik 
other hquids it is practically incompressible ; yet in th 
gaseous form it is easily compressed. We look upoi 
the gaseous air and the hquid air as being made up o 
the same molecules, and we may at once questioi 
whether the gaseous molecules are really compressibL 
and the hquid ones not. There are many difficultiei 
in such a view, and the view is rather that in a gai 
the spaces between the molecules are much bigger thar 
in the hquid state, and that what we do in compressing 
a gas is merely to bring them nearer together withoul 
in any way compressing the actual molecules. In the 
air about us the volume occupied by the molecules is 
only a very smah part of the molecular interspaces, 
but in very high compression this is no longer the case, 
and under these conditions we find deviations from 
Boyle’s law. 

Diffusion.— Although there does not appear to be 
very much naked eye evidence for it, the view is held 
that sohds, hquids, and gases are in a state of internal 
movement. That is to say, that the molecules are moving 
about to some extent. The extent of this movement 
in most sohds is extremely smah ; a piece of lead placed 
upon a piece of gold wiU remain in the same state for 
years without any apparent change, but Roberts Austen, 
for some years Master of the Mint, was able to show by 
very careful analysis that some lead made its way 
over the border-line into the gold and some gold got 
into the lead. Such a process is caUed diffusion. In 
hqmds it is much more easily shown; if a tall glass 
jar IS fihed to the half-way mark with a solution of 
copper sulphate and then water very carefully poured 
m to fill the jar, the line of demarcation is quite sharp 
between fte blue solution of dense copper sulphate and 
the less dense water on top of it. If the fluids in the 

are kept qmte undisturbed by any temperature 
manges, it is seen in the course of time that the sharp 
hue between them becomes blurred, and this is due to 
some of the molecules of the sulphate diffusing, upwards 
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into the water, and some water diffusing down into the 
sulphate. 

Graham made an elaborate study of the diffusion 
of hquids, and he came to the conclusion that liquids 
which conducted electricity well were more rapid 
diffusers than those that conducted it badly. He also 
showed that— 

1. Solutions of the same strength of different sub¬ 
stances diffuse with different velocities. 

2. Solutions of the same salt of different strengths 
diffuse with velocities proportional to the strength. 

3. The rate of diffusion increases with tempera¬ 
ture. 

4. The proportion of two salts in a mixture can be 
altered by diffusion. 

Graham went farther than this and studied the 
way in which liquids diffuse through membranes; 
these membranes were either animal membranes or 
parchment. He found that some liquids could diffuse 
through such membranes, but that others would not; 
the former he called crystalloids and the latter colloids. 
If there were a mixtiue of the two, then the crystalloid 
could be separated from the colloid by letting it diffuse 
through a membrane which stopped the colloid; such 
a process he called dialysis and is of great practical 
importance. 

Crystalloids include soluble salts and the acids. 
They have the following properties :— 

1. They lower the vapour pressure of the liquid in 
which they are dissolved. 

2. They lower the freezing point of the hquid in which 
they are dissolved. 

3. They raise the boiling point of the hquid in which 
they are dissolved. 

Typical examples of colloids are the gums, starch, 
gelatin. When they are put into water they have not got 
the properties 1, 2, and 3 mentioned above; their in- 





43 PHYSICS FOR MEDICAL STUDENTS 


ability to diffuse through membranes is supposed to be 
owing to the largeness of their molecules. 

Membranes can now be prepared which allow water 
to pass through them, but do not allow crystalloids to 
do so; these are called semi-permeable membranes. 
These membranes are rather difficult to prepare and 
require very delicate handling. One which has been 
largely used is the gelatinous precipitate of ferrocyanide 
of copper, produced when copper sulphate and potas¬ 
sium ferrocyanide come into contact. Tliis precipitate 
was formed by Pfeiffer in the walls of a porous pot 
fitted with a pressure gauge, and he found that if the 
pot were filled with salt solution and then put in pure 
water, water flowed into the pot and compressed the 
air in the gauge. When a certain pressure was reached, 
no more water flowed into the pot. 

If we started with big enough pressure inside the 
porous pot, no water at all would go into the salt solution, 
and the pressure needed to produce this state of affairs 
is called the osmotic pressure of the solution. Pfeiffer 
found that for dilute solutions which do not conduct 
electricity, the osmotic pressure is equal to the gaseous 
pressme which would be exerted by the molecules of the 
salt, if these were in the gaseous state and occupjdng 
a volume equal to that of the solvent in which the salt 
is ^ssolved and at the same temperature. Solutions 
which have the same osmotic pressure are called isotonic 
solutions;^ a solution called physiological saline is 
isotonic TOth blood, and does not cause either shrinkage 
or swelling of red blood corpuscles, because there is 
no tendency for fluid to pass either way. 

The soft tissues of the body consist of collections of 
ceUs which are permeated by blood vessels, capillaries, 
lymph vessels, nerves, etc., between which there is a 
continuous ^ interplay of fluid action; whether water 
penetrat^ into cells depends on a variety of conditions, 
one of which is the osmotic pressure of the contents of 
compared with that of the fluid surrounding it. 

iinision m gases is a very much quicker process 
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than in liquids; this is attributed to the much greater 
speeds of the molecules. In air the oxygen and nitrogen 
molecules are going about in every direction at an 
average speed of about 480 metres per sec., and although 
the numerous collisions which take place hinder the 
process of diffusion, this is nevei’theless a very rapid 
process. 



CHAPTER II 


HEAT 

Heat is said to be a mode of motion. The kind ol 
motion that we think of in this case is not a motion 
that is obvious to the naked eye, for when heat goes 
from one body to another there is no motion that we 
can easily see in the process, and yet there is much 
evidence that some kind of motion is involved. Heat 
comes to us from the sun; we look upon the sun as a 
white hot body from which heat is streaming away into 
space, some of it reaching the earth and warming things 
that it strikes. The motion that we think of at the 
sun itself is a violent motion of the molecules or 
atoms present in the sun and its atmosphere ; now this 
kind of motion gives rise to another kind rather more 
dfficult to visualise. Between the earth and the sun 
is space practically devoid of matter, but it is customary 
to say that a medium called the aether fiUs space. Now 
when molecules are in such a state of motion that they 
are capable of giving out heat, we say that they radiate 
heat, and this they do by sending out some sort of 
motion into the aether. This we now call radiant 
heat, and this kind of motion is quite different from 
the molecular movement that gives rise to it, and is in 
some respects similar to the wave motion on the surface 
of the sea. So we have at least two kinds of motion 
to consider in heat, according to whether we are tbiriking 
of materid things or of the all-pervading aether. 

Experimentally it is found that heat tends to flow 
from a hot body to a colder one, and in order to define 
the degree of hotness or coldness of bodies, we invoke 
the term temperature. 
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A very careful distinction must be kept between 
temperature and heat. As we have said, heat tends to 
flow from the body at the higher temperature to another 
at a lower temperature, in spite of the fact that the 
one at the lower temperature might actually contain 
more heat than the other one. There is fax’ less heat in 
a hghted match than in a bucket of water, yet heat 
quickly passes from the match when it is dropped in 
the water. 

The instrument most used to measure temperature is 
the mercury-in-glass thermometei’. One of the earhest 
was invented by Fahrenheit, and this is still used 
domestically and in medicine in this country. A 
capillary tube has a thin bulb blown at one end and 
clean mercury is run into it, boiled to e±pel the air 
and then the capillary is sealed off. The thermometer 
has two so-called fixed points which are determined in 
the following way: the thermometer is first put in 
melting ice and the position of the mercury thread 
marked on the capillary ; it is then put in the steam 
from boiling water and the position of the thread 
marked; the two points are called the freezing and 
boiling points and are marked 32 ° and 212 ° F. The 
temperature of the steam from bofling water depends on 
the barometric pressure, so it is necessary to fix upon a 
standard pressure to work by, so that the boiling point 
determination can be compared at any time, whatever 
the barometer may read. The standard pressxire chosen 
is 76 cm. of mercury. 

Two other mercury thermometers have been con¬ 
structed with different scale readings. One due to 

Celcius called the centigrade and the other due to 

Reamur. The fixed points on these are 0° and 100° C. 

and 0° and 80° R. 

We must be able to correct any temperature on one 
of these thermometers to the reading which would be 
given if this same temperature had been observed with’ 
another kind of thermometer. For instance, say that 
we read a temperature of 98*4° F. (normal body tempera- 
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ture). This means that the mercury thread has gone 
66-4 scale divisions above the freezing point. It will 
be seen from Fig. 30 that 180 scale divisions of this 
thermometer are ecjuivalent to only 100 divisions on the 
centigrade scale, so that these 66-4 scale divisions would 

be equivalent to 66-4 i.e., 36-9 scale divisions 

above the freezing point in the centigrade thermometer, 
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and since this is 0° C., the actual temperature vdll be 
36-9° C. 

When taking the temperature of a patient, it is 
essential that a proper reading can be got even though 
the thermometer is removed from the mouth or other 
region of the body where the temperature is taken. 
An ordinary thermometer would be of no use in this 
case, because the mercury would at once begin to move 
do^ the capillary tube. In the chnical thermometer 
this is avoided by having a small kink just where the 
bulb joins the capillary. When removed from the 
patient, the mercury immediately breaks off at this 
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kink, leaving the tliread in the position correspondmg to 
the actual temperature to be measured. 

For daily observations connected mth the weather 
we want to know the maximum and minimum tempera¬ 
tures, and the special device adopted for this purpose 
is called a maximum and minimum thermometer. As 
shown in Fig. 31, this consists of a long bulb A filled mth 
alcohol connected by a capillary tube with another 
bulb D about half fuU of alcohol. A mercury thread 
occupies a part of the connecting capillary tube. The 
position of this thread is conditioned by the expansion 
or contraction of the alcohol in A. If the temperature 
falls, the mercury in B rises and in C falls, and vice versa; 
small rods of glass or steel float on the surface of the 
mercury thread and get left behind at the farthest 
points, i.e., at the minimum and maximum tempera¬ 
tures. Part of the daily routine of such observation 
work is the re-setting of the indicators. 

The calibration of a thermometer is a necessary 
prehminary to any accurate work with it. This consists 
in finding whether there is any appreciable error in the 
so-called fiixed point of the thermometer. When this 
has been done, errors at intermediate readings are usually 
found by simple graphical methods. 

The Measueement of Heat. —The unit of heat is 
called the calorie, and is the amount of heat required 
to raise the temperature of 1 grm. of water through 
1° C. When measurements are very carefully made, 
it is found that 1 grm. of water does not require exactly 
the same amount of heat to heat it from 0° to 1° C. as 
it does from 1° to 2°, and so on. This quantity actually 
gets very slightly less as the temperature of the water 
is raised to 37° C., and then gets slightly greater again 
up to 100° C. It is not a very big difference throughout 
this whole I'ange of temperature, and need not be taken 
into account except in very accurate work. 

When we come to compare the amounts of heat 
required to raise the temperature of a gram of other 
substances, sohd, liquid, or gaseous, through 1° C., we 
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find very big differences in the amount requffed. This 
actual quantity is called the specific heat of the body. 

The most dhect method of measurement is called 
the method of mixtures and is carried out by means 
of an instrmnent called a calorimeter, which is nothing 
more than a thin copper pot. Suppose that the calori¬ 
meter contains some water at room temperatme and we 
then put into it a piece of metal which has been warmed 
to a higher temperature than the water. Heat at once 
flows from the hot metal to the cooler water + calorimeter 
until the whole system reaches the same temperature. 
If we assume that no heat is actually lost in this opera¬ 
tion—though some is always lost by coohng to the 
surroundings and can be allowed for—^we can find out 
how much heat has been given out by the metal in cool¬ 
ing down tlrrough a certain range of temperature, and 
we assume that exactly this same amount would have 
been required to raise it through this same range of 
temperatm’e. If we divide this quantity by the mass 
of the body multiphed by the range of temperature, 
we get the amount of heat required to raise unit mass 
of the body through 1° C., i.e., its specific heat. It is 
clear that the calorimeter as well as the water in it 
is warmed by the hot body put into it, and this has to be 
taken into account vdien we actually balance the amount 
of heat given out by the metal against the amount received 
by the water. Other details connected with tliis kind of 
measurenaent are best dealt with in actual practical work. 

The higher the atomic weight, the less the specific 
heat; this affords one reason for the use of mercui'y 
in thermometers; it has a low specific heat, and therefoi’e 
a small amount of heat is required to raise the tempera¬ 
ture of the mercury in the bulb; besides this, it is a 
hqmd which can easily be prepared very pure, it does 
not wet the glass, and it has a considerable degree of 
expansion. Mercury freezes at about - 89° C., so that 
for lower temperatures alcohol is generally used; tliis 
of -180° C. Mercury boils at 
001 L., and beyond such temperatures it is usual to 
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employ electrical thermometers, the mode of action of 
which ^vill be discussed in a later section. 

Dulong and Petit, two French physicists, noticed a 
very interestiag connection between specific heats and 
atomic weights; the product of these two quantities 
gives a numerical value not very different from 6. A 
few examples are given in Table 1:— 


Table 1. 


Metal. 

Speoifio Heat. 

Atomic 

Weight. 

Product. 

Sp. Ht.xAt. Wt. 

Aluminium 

•22 

27-1 

6-94 

Iron . 

•12 

56 

6-6 

Copper . . ; 

•09 

' 63-6 

5-9 

Lead . . . i 

j 

•03 

206-9 

6-2 


Expansion. —^Nearly all sohds expand when they 
are warmed, though ice at 0° C. is a notable exception. 
If a metal rod is taken and fixed at one end and free 
play allowed to the other end, a measurable amount of 
expansion is produced by heating the rod through a 
moderate range of temperature. It is found that nearly 
all metals expand uniformly as they are heated, and this 
may be shown by measuring the expansion every few 
degrees, as the metal is raised in temperature, say, from 
0° to 100° C. 

It is found that the length k at any intermediate 
temperatui’e t may be expressed in terms of the length 
lo at 0° C. as follows :— 

a is called the coefficient of linear expansion. 

A piece of copper 1 cm. long at 0° C. becomes 
1-000015 cm. at 1° C., and the physical meaning 
attached to the quantity a is the amount by which 
a centimetre length of anything changes when raised 
through 1° C. 


4 
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If we take a flat square sheet of copper measuring 
lo X fo at 0° C. and raise its temperature to f C., the area 
will be It X It, 
i.e., 

i.e., A,=Ao(l +2at + aH^)=Ao{l +2at). 

When a is a small quantity (as it nearly always is) 
we can neglect and the coefficient of superficial 
expansion is just twice that of the coefficient of linear 
expansion. The term corresponds with the small 
shaded area in Fig. 32. In the same way, if we consider 

the expansion of a cubical 
oc 1 block of copper, the volume 
Vt at any temperature can 
be expressed in terms of 
the volume at 0° C. as 
follows :— 

Vt=Vo(l+3a«). 

Again neglecting the 
squared and higher terms 
of a, we get the result that 
the coefficient of volume 
expansion is three times 
that of the linear expansion. 

Some soHds do not expand to quite the same extent 
in different directions, and in such cases we have to 
make use of the linear coefficients in directions which 
give unequal values. The expansion of solids has 
mnumerable applications in everyday life—^railway lines 
are laid with gaps between their ends to allow for the 
winter-summer range of temperature. Pendulum clocks 
would gain in winter and lose in summer were it not 
for the fact that their design includes temperature 
compensation, and the balance wheel of a watch is an 
ingenious example of combining two metals, which by 
their imequal expansion, wiU help to keep the effective 
radius unaltered, though the temperature ranges may 
be considerable. 
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The Forth Bridge, a massive steel structure 2,530 
metres long, expands about 60 cm. in the temperature 
range of winter to summer. 

The data in Table 2 give the coefficients of expansion 
of a number of solids. 


Substance. 

Steel 

Nickel 

Brass 

Lead 

Zinc 

Platinum 

Glass 


Table 2. 

CoefScient of 
Linear Expansion. 


. -000012 


. -000013 


. -000019 


. -000027 


. -000029 


. -0000086 

. 

. -0000086 


The fact that ordinary glass has the same coefficient 
of expansion as platinum allows of platinum being 



^iG. 33. 



Fig. 34. 


sealed into glass without fear of the latter cracking 
when there is a change of temperature. 

Quartz has an exceedingly small coefficient of 
expansion; in fact, it hardly expands at all, even when 
strongly heated. 

Liquids generally expand more than solids do when 
they are warmed, but the measurement of tliis expan¬ 
sion is more difficult, because the vessel holding the 
hquid also expands. The first attempts on these fines 
gave what is called the “ apparent coefficient of expan- 
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sion,” and a simple method of measuring this quantity 
for a liquid hke mercury is to use a weight thermometer. 
This consists of a thin glass tube drawn out at one end 
and bent over, as shown in Fig. 88. This is filled with 
mercury at room temperature and weighed ; let = 
mass of mercury in the tube. If the apparatus is warmed 
up through a range of temperature t, the mercury expands 
more than the glass and some will overflow; the tube 
remains full of mercury, but it will of course weigh less; 
let =mass of mercmy now in the tube. 

The apparent coefiicient of cubical expansion of the 
mercury a will be 

mi-mg 

Tliis may be proved as follows :— 

I The final mass if allowed to cool down to the 

i first temperature, occupies a volume where p is 

J' ; ^ p 

■ i the density of the mercury at that temperature ; this 

volume expands to fill the weight thermometer at the 
1 higher temperatee. So the increase in volume of a 

>r, 

I j volume — is Ordinarily we should say the 

y coefficient of expansion a is given by :— 

' I Increase in volume 

Original volume x temperature change' 

i.e., 

P P tn-it 

A method of finding the true or absolute expansion 

of mercury was _ devised by Dulong and Petit. This 

method consists in balancing a warm column of mercury 
against a cold one. Two vertical tubes {vide Fig. 84) 
are connected by a thin horizontal one. The mercury in 
one is kept at a temperature to, the other at a higher 
temperature t. 

The pressure at any point in the mercury in the 
; homontal tube is the same, and the columns will be 

unequal m height, because as the mercury is warmed 
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its density decreases and the heights of the balancing 
column will he inversely proportional to the density 
of the mercury in them, for 

hopo.g=hpg /-=—• 

ho p 

If Vq is the volume of unit mass of mercury at the 

temperature to, the density /jo = — ; and similarly, 

^0 

^ V "ho Vo 

If jS is the absolute coefficient of expansion of the 
mercury, we may write 

V ='^0(1 + 


hence 

or 


JIq Vq 





h-ho 

hot 


Improvements in the means for measuring the actual 
heights of the mercury columns were made by Regnault, 
and since then the method has been put to use in ^ding 
the absolute expansion of a large number of hquids. 
The absolute coefficient of expansion of mercury was 
found by this means to be -000181. 

Water is very exceptional in the way in which it 
behaves when it is heated. If we take some water 
at 0° C. and warm it, it contracts until a temperature 
of 4° C. is reached, and then it expands on further 
warming; owing to this initial contraction, the density 
of water increases up to 4° C .; and this temperature is 
spoken of as the temperature of the maximum density 
of water, and this pecuhar behaviour of water plays 
a very important part in the economy of Nature. A 
mass of water exposed to a cold wind will cool at its 
surface layers; as it cools down to 4° C., the water 
becomes denser than the water below it and sinks to 
the bottom, its place being taken by warmer water 
from below. This goes on until all the water is cooled 
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do-wn to 4° C.; on further cooling, the anomalous 
behaviour of water ensures that the surface^ layers as 
they cool still further remain on the top instead of 
sinking. The result is that although the surface layers 
may freeze, the water at a depth remains practically 
at 4° C. Of course under prolonged coohng at the 
surface, the ice may fall to many degrees below 0° C., 
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and then heat becomes conducted upward to it from 
the warmer layers below and the whole temperature of 
the mass of water below diminishes. 

This important variation of the density of water as 
its temperature rises from 0° to 100° C. can be seen 
at a glance from the diagram in Fig. 35, the maximum 
value of the density being as stated at 4° C. 

Gases expand and contract with heat more than do 
soHds and hquids. It is remarkable that all gases expand 
practically to the same extent for the same range of 
temperature. This can be expressed in very similar 
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Hqdds° employed vdth soHds and 


Vt = Fo(l+a«). 

a is the coefficient of cubical expansion of the gas 

and has the value It must be understood that the 

above relation holds when measures are taken to keep 
the pressure constant, for should any variation of the 
pressure occur durmg the change in temperature, the 
volume would alter on this account also. The way in 



which the pressure is maintained constant in such 
measurement is as follows :— 

air in a vessel A (Fig. 36) communicates with the 
air in another vessel B filled with mercury and carefully 
graduated; this vessel is provided with an outlet at D 
and a side limb C, from which the pressure can be read off. 

When the air in A is heated, its volume increases and 
mercury is run out at D, and the level of the mercury 
in C adjusted so that the air in A is at exactly the same 
prepure as before. Working in this way over any 
desired range of temperature, it is found that 

Vt=Vo(l+ai). 
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We may vary the experiment by seeing how the 
pressure in the vessel A would vary with temperature 
if we kept the voliune constant. This is conveniently 
done as follows :— 

The air in a vessel A (Fig. 37) at atmospheric pressure 
and 0° C. communicates with a vessel B which terminates 
in a vertical column C, mercury fiUing both of them. 
Suppose that the mercury in the connecting glass 
tube stands at D. If the air in A is heated, it tends 
to expand and push the mercury below D; but 
if the mercury at C is adjusted to stand higher and 
so increase the pressure on the gas, the mercury may be' 
made to go back to the same point D; the volume of the 
air in A is thus kept constant. 

Under these conditions it is found that an exactly 
similar sort of relation holds as in the previous experi¬ 
ment, and we may write • 

where ft is the pressure at any temperature t in terms 
of the pressure at 0° C. As before, a = ^ and is the 
same for aU gases. 

If we examine the previous expression Vt = Vo(l + at), 
we see that if it were possible to cool the gas down to 
a temperature as low as 273 below 0° C., the equation 
would read 

The interpretation of this would appear to be that the 
gas would occupy no volume at all at such a temperature, 
and an exactly snmlar line of reasoning would show 
that it would also exert no pressure at aU. Experiment¬ 
ally it is found that gases do not remain gases at such 
low temperatures, but become liquids; but it is found 
extremely useful to make use of this impression of a 
lowest possible temperature, and -273° C. is known as 
the absolute zero, and a scale of temperature called the 
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absolute temperature has been founded with this zero 
as its lowest point. It will be seen that 0° C. Avill be 
273° absolute temperature and 100° C. will be 873° 
absolute temperature, and so on. 

It is customary to write T for the absolute tempera¬ 
ture corresponding to any temperature f C. We may 
re-write the equation 

where T and To are the absolute temperatures corre¬ 
sponding to t° C. and 0° C. We are now in a position to 
express the volume, pressure, and absolute temperature 
of a gas in a very convenient form. 

Let us start with a gas having a volume Vi at pressure 
and absolute temperature Tj. 

Let the pressure be changed to p^, the temperature 
being kept constant; hence the volume Vi will change, 
let us say, to V. Applying Boyle’s law, we may say 

v=vA 

P2 

Let the temperature now change from Ti to Tg, the 
pressure remaining constant at the value p^; the volume 
wiU again change, let us say, to Vj. 

Applying Charles’s law, we may say 

V -V—^ 

Substituting the value found for V, we have 

V,=Vi^ — • 

P2 

or, re~wi‘iting it, we have 

T, T, • 

Hence we see that starting with a knoAvn volume of 
gas at a known pressure and temperature, it may be 
put through any change of pressure or temperature 
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,'i 


■without altering the value of This important 

conclusion can be expressed by saying that 

qjSf 

^ = constant, 

m * 


or pV = RT, where R is a constant, and this is called 
the gas constant and the equation is called the funda¬ 
mental gas equation. 

If V is the volume of unit mass of the gas, the value 
of R can be found; it varies, of course, with the nature 


of the gas. 

As we have already mentioned, no gas wdl fulfil 
the conditions implied by the equation ^ = constant 


if the temperature is sufficiently lowered, for it is found 
that aU gases can be hquefied. But the idea of such a 
gas has not been discarded, and it is called a perfect gas. 

Carbon dioxide and sulphur dioxide are two gases 
which can be hquefied comparatively easily, but great 
difficulties had to be overcome before other gases hke 
nitrogen and oxygen could be made to assume the 
hquid form. It was soon recognised that the things 
most hkely to cause a gas to hquefy are to lower its 
temperature and at the same time to increase the 
pressme upon it; nevertheless it was found impossible 
to hquefy air when it was cooled down to a very low 
temperature, even though enormous pressures were 
brought to bear upon it. The secret of the process is 
that uMess a certain lo'wness of temperature is reached, 
it is impossible to hquefy a gas by pressure alone, 
no matter how big a pressure is used. This particular 
temperature is cahed the critical temperature of the 
gas, and the pressure which is then necessary for 
liquefaction is cahed the critical pressure. If the gas 
is cooled down lower than its critical temperature, 
then soine pressure less than the critical pressure "will 
hquefy ^ it. The data in Table 3 show how these 
quantities vary as__we go from one gas to another:— 
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Gas. 

Critical 

Temperature. 

Critical 

Pressure, 

SO 2 

165-4° 

Atmospheres. 

78-9 

CO, 

31-1° 

73 

Air 

-140° 

39 


The curves in Fig. S8 show the behaviour of CO 2 
at different temperatures and pressures. Above ST1° C. 



Fig. 38. 

it is impossible to Kquefy this gas. When carbon 
dioxide under pressure is allowed to escape fairly rapidly 
from the nozzle of a gas holder, it cools so rapidly as it 
escapes into the air that it is converted into solid carbon 
dioxide, sometimes called carbonic acid snow. This is 
used medically as a caustic agent; very cold things, like 
hot ones, will cause blistering when appUed to the skin. 
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Every known, gas has now been liquefied. The 
properties of ordinary sohds at very low temperatures 
are found to change very much; for instance, the 
electrical resistance of copper is found to get less and 
less as the temperature is reduced, and at a temperature 
of a few degrees absolute its resistance has practically 
vanished. 

A distinction is drawn between a gaseous substance 
according to whether it is above or below its_ critical 
temperature. If above it is called a gas, and if below 
it is called a vapour; in the latter case we have seen 
that additional pressure will always hquefy it. It 
is found that vapours also obey Boyle’s law, provided 
the pressures apphed to them are not very high. 

We see, therefore, that substances can exist in one of 
three forms—the solid, Hquid, or gaseous. It is found 
that when we try to change a sohd into a liquid, some 
heat is necessary for the purpose, even though the 
temperature is not altered; similarly heat is required 
in order to change a hquid into a gas without any change 
of temperature. If we. do the thing in the reverse 
manner, we find that when a gas changes into a hquid, 
heat is given out by the gas, and when the liquid becomes 
sohd again, heat is given out. This heat is known as 
latent heat. 

In changing 1 grm. of a sohd into hquid at the 
same temperature, the heat required is called the latent 
heat of fusion. 

In changing 1 grm. of a hquid into gas at the same 
temperature, the heat required is called the latent heat 
of vaporisation. These quantities are in many cases 
very significant ones indeed; for instance, in order to 
convert 1 grm. of ice at 0° C. into water at 0° C., we have 
to give the gram of ice 80 calories; 100 more calories 
would raise the gram of water to the boihng point; but 
if we want to convert the gram of boihng water into 
steam at 100° C., we must give it 536 more calories. 

Reciprocally, when steam at 100° C. cools to water, 
each gram gives out 536 calories as it assxunes hquid 
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form; this explains how it is that a scald from steam is 
so much more serious than one caused by boiling water. 

The experimental methods used for determining the 
latent heat of fusion or the latent heat of vaporisation 
is generally the method of mixtures already described 
in the case of specific heats. If a mass of melting ice is 
dropped into a calorimeter contaimng a mass of water 
at a known temperature, then from the resulting drop 
in temperature of the water the latent heat of fusion 
of the ice can be found. In a similar way by passing 
steam through a condenser immersed in water and 
equating the heat received 
by the condenser to that 
given out by the steam, 
the latent heat of vapor¬ 
isation of the steam can 
be found. 

The change in volume 
which occurs when ice is 
melted has been used by 
Bunsen in an instrument 
called Bunsen’s ice calori¬ 
meter to serve as a 
measure of the heat given 
out by a hot body in cooling through a range of 
temperature and is used for measuring specific heats. 

The instrument consists of a glass test tube C fixed 
into a bulb D, which cormects via B with a horizontal 
capillary A. I) is filled with well-boiled distilled water, 
except for the bottom part, which holds mercury, and 
this connects with the capillary A, which is marked off 
with a scale.- A coating of ice is formed round the 
lower half of C by pouring alcohol cooled by a freezing 
mixture through it. The whole instrument is then 
packed round with crushed up ice and left, so that the 
temperature becomes 0° C. The method of finding the 
specific heat of a soHd is to take a known mass of the 
body at a known temperature and drop it into C; this 
melts some of the ice round C; the decrease in volume 
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is shown hy the movement of the mercury in A. The 
amount of heat required to cause the mercury to move 
by a definite amount is first found by pouring a known 
amount of water at a definite temperature into C and 
noting the degree of movement of the mercury in A. 
Once cahbrated in this way, the determination of specific 
heats is easy, but the initial work with the instrument 
is considerable. 

Vapoue Peesstjre.— ^If a vessel containing water is 
put under a bell jar at ordinary room temperatui’e, 
some of the water goes out of the vessel into the air 
in the bell jar; it remains suspended in the ah' as water 
vapour. The amount so formed is independent of 
whether there is any air in the bell jar, and the pressure 
caused by this water vapour simply depends upon the 
temperature; the higher the temperature, the more 
water vapour goes into the space in the bell jar; the 
process by which the molecules of water leave the liquid 
and become vaporised is called evaporation. 

If the arrangement is kept at a steady temperature, 
it is found that eventually no more' water evaporates, 
and when the equUibrium condition is established, we 
say that the space or air in the bell jar is saturated with 
water vapour, or in other words, the water is exerting 
its maximum vapour pressure. If we have not given 
time for this to occur, the space is unsaturated. 

The vapour pressure of water vapour is not very big 
at ordinary temperatures, as may be seen from the data 
m Table 4:— 


Table 


Pressure of Water Vaf 


2°C. . 

. 5-29 

4°C. . 

. 6-10 

6°C. . 

. 7-01 

8°C. . 

. 8-04 

10° G. . 

. 9-20 


in Mms. of Mercury 

12° C. . . 10-51 

14° C. . . 11-98 

16° C. . . 13-62 

18° C. . . 15-46 

20° C. . . 17-51 


From the fact that the air in the bell jar gets saturated 






HEAT 


63 


with water vapour, we might conclude that evaporation 
stops at this point; but it is more usual to think of this 
process being gradually balanced by the opposite process 
of condensation, which means that some of the water 
vapour returns to the water, i.e., it condenses. 
When these two opposite processes just balance each 
other, we say that the space is saturated; if we try to 
get more moisture into it, it promptly condenses. The 
same effect w;ould be produced if we 
slightly cooled the air in the bell jar, 
for the vapour pressure of the water 
is at once lowered and the excess of 
water vapour condenses as a mist 
or a cloud. 

It is found that when any hquid 
evaporates, its temperature is lowered, 
and this can be very strikingly shown 
in the case of water by means of an 
instrument called a cryophorus, seen 
in Fig. 40. A and B are two glass 
bulbs containing water, which are 
connected by a piece of wide glass 
tubing; the air is pumped out of the 
apparatus just before it is sealed up, 

B is put into a freezing mixture, A 
remaining at room temperature. The 
water in B quickly freezes and its 
vapour pressure is therefore very much 
diminished; the vapour pressure in A 
now being much greater than in B, water vapour 
quickly passes from A to B; the result of this evapora¬ 
tion is to lower the temperature of the water in A. 
This goes on till the water in A freezes. 

Our sense of bodily comfort, depends to some extent 
upon the relative humidity of the ah; by this we 
mean the ratio of the amount of water in the air to 
the amount that there would be in the air if it were 
saturated. If this ratio is a high one, it means that 
the ah' is nearly saturated. 






i 
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This ratio may also be expressed as the ratio of :— 

The actua l vapoai pressure of the air 
Saturation pressure of the air 

By this we see that relative humidity does not refe] 
to the actual amount of water vapour present in th( 
air. It may easily happen that on a day in srunmei 
when the air feels pleasantly dry, it actually contains 
far more moisture than on a day m winter when with 
a low temperature the ah’ feels as though it were laden 
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with moistm’e, i.e., practically saturated. In the former 
case the relative humidity will be low and in the latter 
case high, and it is the percentage of possible moisture 
that determines our ordinary sense of bodily comfort. 
Two methods are in common use for finding the relative 
humidity of the air, and this is called hygrometry. 

The most direct method is by means of the dew 
point hygrometer (Fig. 41), This consists of two bulbs 
coimected together as in the cryophorus. The bulb A 
has a thermometer to register the temperature of the ether 
in it. The other is covered with musHn, and when ether 
is poured on to it the rapid evaporation of the ether 
lowers the temperature of B, and therefore in a short 
time that of A also. The air round the bulb A is thus 
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cooled down, and if carried far enough we reach the 
state at which moisture becomes condensed from the 
air on to the bulb A ; this is easily seen by noticing 
when a film of dew appears on a gilded band at C running 
round the bulb A. If is the temperature of the 
air and Tj the temperature of the ether in A, and 
therefore that of the air at the moment that moisture 
is deposited, i.e., the dew point, then from these two 
observations we get the relative humidity. 

Examfle .—is 16° C. and Tj 10° C. when dew forms. 

Saturation vapour pressure at 16° C. = 13-62 mm. 

„ „ „ 10° C. = 9-20 mm. 

9 2 

Eelative humidity=^^^ = 67-5 per cent. 

An indirect yet very quick method is to use an 
instrument called a wet and dry bulb thermometer. 

Two thermometers are placed on a stand side by 
side, and one of them has the mercury bulb covered witlr 
a piece of wick that dips into a bottle of water; this wet 
biilb will have water continuously evaporating from its 
surface and will therefore read a lower temperature 
than the dry bulb thermometer. If the air is very dry, 
evaporation wiU be rapid, and a bigger difference of 
temperatme is registered between the two thermometers 
than when the relative humidity is high. 

With the aid of tables prepared by Glaisher, the 
I’elative humidity can be determined once the readings 
of the two thermometers have been made. In practice 
it is easier to get the dew point in this way than with 
the dew point hygrometer. 

An instrument called a kata-thermometer has been 
devised by Leonard HiU which measures the cooHng 
power of the air ; the instrument gives the time required 
for a bulb containing a warm liquid to cool through a 
certain range of temperature. If the air has great 
cooling power, the time required for this will be short, 
and Hill has shown that the cooling power of the air 

5 
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has a great deal to do with the efficiency of manna 
labour in factory life. 

Water vapour behaves as a comparatively light gaS; 
its density being about five-eighths that of air. It is 
given off "by the limgs and skin of a normally health) 
person at a rate which has been estimated at about 80 oz 
in twenty-four hours. 

It is easy to see why, simply on account of humiditj 
considerations, the air in crowded unventilated rooms 
soon becomes insufferable. 

We can calculate the weight of a ^ven volume o: 
saturated air at a known temperature in the following 
way 

The air in a room measuring 6 x 10 x 12 metres h 
18-6° C. and 756 mm. of mercury pressure is saturatec 
with water vapour. In order to find the weight of ai 
i ^ plus water vapour, we may calculate each separately 

j‘ The weight of a litre of air at N.T.P. is 1-298 grm 

' The water vapour in the room exerts a pressure o 

16 mm. of Hg. 

■f Therefore the pressure due to the air is 740 mm 

and its volume is 720 cubic metres, or 7 -2 x 10® litres, 
ij Hence the weight of the air is 

J 1-293 x7-2 X10^ x|? X (^) grm.=8-5 x 10® grm. 

.'-1 

The weight of water vapour is similarly given by 

:;i |xl-293x7-2xl0®x^ x grm. =1-1 x 10* grm. 

7ou 

■; .-. Total weiglit= -851 x 10® kg. 

The total weight of the air in the room is thus seei 
to be nearly a ton, which seems at first sight a rathe 
if big weight. 

Thermal CoNDtJCTioN".—^This means the conveyanc 
i, of heat from molecule to molecule of a substance. Th 

yi “mode of motion” here is thought to be a state o 

vibration, and by some process imperfectly understooi 
I , this state of vibration gets handed on from molecule t 
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molecule, and heat is said to be conducted in this way 
from one part of a body to another, or indeed from 
one body to another. 

A very good idea of the degree to which heat is 
conveyed by this means can be got by taking an iron 
rod about 1 sq. in. in cross section and about 2 ft. 
long; holes are drilled at A, B, C, and D to take 
thermometers, as in Fig. 42. One end of the rod is 
heated by a Bunsen burner. Several minutes wiU elapse 
before the thermometer A shows any rise. As time goes 
on each thermometer in turn indicates that it is receiving 
heat at a greater rate than the others. After such an 
experiment has been going about an hour, it will be 
found that D is rising at a greater rate than any of 

D C B A 

[ ..U"".1) u u I 
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the others, and eventually the readings in A, B, C, and 
D become steady ; the temperature of B is lower than 
A because the part of the bar between them is cooling 
to the air, B is higher than C for the same reason, 
and so on. 

When different substances are put to the test, it is 
found that they conduct heat to very different extents. 
If we consider a slab of material of area A and tliickness 
d, Ox and 0^ being the temperatures of the two opposite 
faces (Fig. 43), then it is found experimentally that the 
heat passing through from one face to the other is 
directly proportional to the area A, to the temperature 
difference 0i - O 2 , to the time t for which the heat is allowed 
to flow, and inversely as the thickness d. 

We may represent this as follows :— 

d 

K is a constant depending on the nature of the 
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conducting substance and is called the theirnal 

conductivity. « -rr ^ ^ 

In Table 5 are given the values of K for a iev 

solids:— 


Table 5. 


Substance. 




Thermal 

Conductivity. 

Copper 

Brass 

Iron . 

Ice 

Sulphur 



• 

. 1 
. -30 

. -164 

. -OIM 
. -0014 



Fig. 43. 



In very hot and very cold countries the thermal 
conductivity of the materials of v?hich the houses art 
made is a matter of the greatest importance. In the 
former case, massive walls of low conductivity preveni 
the mteriors sharing in the baking heat of the exterior 
while in really low temperature regions, effective stoking 
within weU-constructed buildings allows comfort withir 
a few feet range of temperatures ranging down to 40 oi 
60 below 0° C. 

The above expression allows us to calculate the 
amount of heat required, to compensate for conduct! oi 
losses. 

Question .—Find the amoimt of heat lost per hour throng] 
each square metre of a wall 30 cm. thick, the temperature oi 
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one side being 15*^ C. and on tbe other -35*^ 0., the thermal 
conductivity of the wall being *018. 

d 

_ 018 X 10 ^>^50 „i^QQQ^ 0 QQ calories approximately. 

Liquids and gases do not as a rule conduct lieat 
well, in spite of the comparatively free motion of their 
constituent molecules. The low conductivity of water 
may be shown by trapping a piece of ice at the bottom 
of a test tube full of water and heating the water at the 
top by means of a Bunsen burner, as in Fig. 44. The 
water may boil at the top, yet ice remain at the bottom. 

Pure thermal conduction in a gas is an even less 
efl&cient process than it is in liquids, but heat is actually 
transferred very effectually in gases and liquids by 
another process known as convection. 

If we vary the test tube experiment by letting the 
ice float naturally to the top of the tube and apply the 
heat at the bottom, the ice will vanish in a very few 
minutes, and this is because heat has been convected 
through the water. When heat is applied at the bottom 
of the tube, the water as it is heated expands, therefore 
its density decreases and it tends to rise through the 
cooler parts, and in this way heat is rapidly spread 
through the contents of the test tube. This process is 
an even more rapid one in gases owing to the very big 
expansion which gases undergo when they are heated. 

Circulating hot water systems depend for their 
action upon convection, hot water going from a boiler 
through a system of pipes and returning in a cooler 
and denser stream to feed the boiler once more. 

There is a third way in which heat goes from one 
body to another, and this is by radiation. 

We say that the sun radiates heat, and in order to 
understand this process of radiation, we have to intro¬ 
duce a different idea from that of conduction or of 
convection. Between the sun’s atmosphere and our 
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own is 3. V8.st spflCG dGVoid of mflttsr, yot hcflit psssGS 
freely across this ^^p? nnd we call this radiant heat 
or h^t radiation. In order to make such a phenomenon 
more easily comprehensible, it has been assumed, as 
stated on p. 44, that space is really permeated by a 
medium called the «ther, and that this aether is capable 
of being thi’own into a state resembling vibration, 
though it is not thought that it actually vibrates in a 
mechanical way at all. The term ather vibration is 
often used to express th’s analogous action, but the 
term “periodic disturbance,” though rather cumber¬ 
some, is free from the objection that can be raised to 
the term vibration in this connection. 

Hot bodies have the power of causing disturbances 
to travel through this aether with the amazing speed oi 
about 186,000 miles per sec. These heat radiations have 
not all the same characteristics, for it is found that when 
one body is hotter than another it may not only radiate 
more heat, but it radiates different heat and the difference 
we specify in terms of the wave-length of the disturbances. 

By analogy with water waves we say that the 
distance between one point in space to the next in the 
line of travel of the heat, where a particular characteristic 
repeats itself, is the wave-length, and radiant heat ir 
general consists of a vast number of disturbances oJ 
different wave-lengths. A very hot body will give ou1 
radiation consisting of many more different wave-lengths 
than a moderately warm one. 

Bodies vary a great deal in their capacity for radiating 
heat. If we take two copper calorimeters of the same 
size, polish one brightly and cover the outside surface 
of the other with lampblack, fill them both with hoi 
water, put a thermometer in each and take readings 
of the temperature from time to time, we find that the 
one covered with lampblack falls in temperature quicke] 
than the other one. This is because the lampblacl 
surface is a better radiator than the polished surface. B 
is also found that a good radiator of heat is also a gooc 
absorber, whereas a bad radiator is a bad absorber. 
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When radiant heat falls on a material body, it may 
be transmitted or it may be absorbed by the body. 
Bodies which allow radiant heat to penetrate them 
easily are called dia-thermanous bodies ; those that do 
not are called a-thermanous. 

Ordinary window glass is a substance that is dia- 
thermanous for some wave-lengths of radiant heat, but 
a-thermanous for others. Owing to tliis a glass-house 
acts as a sort of trap for radiant heat; the glass 
lets through nearly all the short wave-lengths of the 
sun’s heat, but it absorbs nearly all the long wave¬ 
lengths given out by the objects within, so that the 
temperature inside rises considerably above that out¬ 
side. 

Water is a fairly a-thermanous body, and not much 
radiant heat gets through about a foot of water. Rock 
salt, on the other hand, is practically dia-thermanous 
for aU wave-lengths of radiant heat. Both of these 
substances are transparent to Hght, so that from this it 
is obvious that it is impossible to predict the way in 
which a body behaves to heat radiation from a knowledge 
of its behaviour towards light. 

The air inside an incubator is kept at a constant 
temperature by means of a device called a thermostat. 
This works in such a way that enough heat is given to 
the apparatus to raise it to the desired temperature 
and is then automatically cut off; when the temperature 
begins to fall owing to loss of heat to neighbouring 
bodies which are at a lower temperature, the heat supply 
is automatically restored and so on. 

The human body represents one of the most amazing 
constant temperature systems. In spite of big extremes 
in the meteorological conditions, occupation, or states 
of activity of mind and body, the temperature in normal 
health departs very little from 98-4° F. So fine is this 
adjustment, that for people who habitually give this 
as their temperature, a variation of 1“ on either side of 
it is looked upon as no longer a normal temperature. 
It is perhaps unnecessary to add that the three processes 
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finally disproved by the experiments of Joule, who 
carried out a long series of most cai'efully planned 
experiments, which showed that by performing a certain 
amount of mechanical work, a definite amount of heat 
could be generated. Joule had a vessel containing 
water at a known temperature, in which a paddle wheel 
was rotated a certain number of times; this rotation 
was caused by two sets of weights in falling tlu'ough a 
measured distance. These weights could bo wound 
up again and let fall through the same distance, time 
after time, the total work done being easily calculated. 

Joule proved that a given amount of mechanical 
work performed in this way gave rise to the production 
of an equally definite amount of heat. This equivalence 
is referred to as the mechanical equivalent of heat. 

Joule found that 

772 ft.-lbs. of work could raise 1 lb. of water througli I" F. 

We may transpose this to the C.G.S. units as follows:—■ 

772 ft.-lbs. can raise 1 lb. of water through 1° F. 

.'. 772 ft.-grms. can raise 1 grra. of water through 5/9° 0. 

.'. 772 X 30'48 x 981 dyne cms. can raise 1 grm. through 5/9° 0. 

9 

.'. 772 x x30-48 X 981 ergs can raise 1 grm. tlirough 1° C., 
i.e., 4-16 X10’ ergs are equivalent to 1 calorie. 

It is a remarkable tribute to the work of Joule that 
all the measurements that have since been done on this 
most important equivalence have confirmed Joule’s 
claims and made hardly any appreciable alteration 
necessary to the numerical values he obtained. It is 
customary to take 4-2 x 10’ ergs as the value of the 
mechanical equivalent of heat. 

On the basis of Joule’s work, the first law of thermo¬ 
dynamics was established, and this law is generally 
stated in the following terms : “ Heat and mechanical 
work are mutually convertible, and in any operation 
involving such conversion, 4-18 xlO’ ergs of mechanical 
work disappear for each calorie generated, or 4-18 x 10’ 
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ergs of mechanical work appear for each calorie 
expended.” 

A simple type of laboratory experiment showing 
that heat can be generated when work is done is as 
follows:— 

A cardboard tube about a yard long is fitted with 
two cork bungs; a handful of lead shot is put into the 
tube, its temperature having been carefully measured. 
The bungs are inserted and the tube is then inverted 
about fifty times, care being taken that the shot falls 
freely down the tube; the temperature will be found to 
have risen between 1° and 3° and, knowing the specific 
heat of lead, we can get the ratio between the work 
done and the heat generated ; it is difficult to get a 
result of greater than 10 per cent, accuracy, but the 
experiment shows very simply the direct generation 
of heat by nothing else than the performance of a certain 
amoxmt of mechanical work. 



CHAPTER in 


LIGHT 

Ijght is said to be a disturbance in the sether, and of 
such a kind that it causes the sensation of vision. 

These disturbances are, in the first place, produced 
by material bodies which are generally, though not 
always, hot bodies, so that heat rays usually accompany 


0 


p 
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light; but when necessary the heat can be absorbed 
or separated in some other way from the light. 

A body which emits hght is called a self-luminous 
body; when this light falls upon other bodies it may 
make them luminous ; in fact most of the objects around 
us in everyday life are recognisable owing to the light 
which they reflect or scatter. 

The simplest self-luminous body is a point-source 
of light; tMs simply means a body so small that it 
can be imagined as a point showering out light equally 
in every direction. 

Light is said to travel in strsiight lines. If 0 is a 
luminous source (Fig. 46) and P any point in the sur¬ 
rounding space, then the disturbances spreading out 
from 0 which reach P will have gone through points 
which lie successively on the line OP, and not by a 
zigzag path such as shown in Fig. 45. A flash of 
lightniTig might lead us to think that light does some- 

75 
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times travel in this fasion, but in this case, of course, 
it is really tlie electrical discharge which is zigzag and 
the luminosity is a secondary feature of such a discharge. 
Exactly what kind of disturbance light is will be con¬ 
sidered later, but it should not be imagined that when 
light goes from 0 to P anything goes along the line OP 
which is not actually shared by all similar lines 
originating at 0. Light is a volume disturbance and 
is not restricted to defuiite lines, such as might be 



hastily assumed from diagrams showing its rectilinear 
propagation. 

This fact will help us to understand how it is that 
the intensity of the light from a point-source O dim¬ 
inishes as we go away from the source. Let us start 
from such a source 0 (Fig. 46) and draw circles of radii 

fa Ta such that r 2 = 2 ri and ra=Sri with O as 
centre. We shah assume that none of the light sent out 
from 0 is absorbed by the medium through which it 
passes. Consider the beam of hght restricted to an angle 
a. If Ai, Aj, A 3 are the areas of the circumscribing 
spheres having the radii r^, r^, then it is clear 
that all the light from 0 which falls on the area Ai will 
also fall on Aj and on A 3 in succession; but these areas 
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will be illuminated to a less and less degree. If we 
regard the intensity of illumination as depending on the 
amount of light falling on a unit of area placed per¬ 
pendicularly to the rays, then the intensity over these 

three areas wUl be proportional to -j-, -j-, and these 

Ag A3 

in turn, since they are sections out of spheres of 


radii, r-^, Tg, will be proportional to 


r/ 


JL L 


since 


the area of a sphere is 

Hence we reach the important conclusion that, 
when light issues from a point-source, the intensity of 
illumination in a non-absorbing space surrounding it, 
varies inversely as the square of the distance from the 
point-source; 1 ft. away, the intensity of illumination 
will be nhie times what it is at a distance of 3 ft. 

It is not a practicable matter to measure the actual 
amount of light given out by different luminous bodies, 
yet a comparison of their iUummating powers is often 
wanted. 

For this purpose the Kght from any source may be 
compared with that given out by a standard source, 
which is called a standard candle. This is defined as a 
sperm candle, six of which weigh 1 lb. and such that in 
air it burns at the rate of ISO grains per see. 

In actual practice very little use is made of these 
standard candles, owing to their many inconveniences, 
and they have been replaced by the Harcourt Pentane 
lamp, which is equivalent to ten standard candles. The 
illuminating power of any source is expressed as so 
many candle-power. The unit of intensity of illumina¬ 
tion is taken to be that which would be produced by a 
standard candle 1 metre awa}^ and is referred to as 
a metre-candle. 

Instruments used for the measurement of the candle- 
power of luminous sources and of the intensity of 
illumination which they produce are known as photo¬ 
meters. 

A simple form of photometer is that devised by 
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Bunsen, called the grease spot photometer. A screen 
of paper has a central spot about J in. iu diameter, made 
by rubbing a bttle vaseline or similar substance into the 
paper; this makes the paper more transparent to light, 
so that the spot looks brighter than the rest of the 
paper when viewed by transmitted light, but darker than 
the paper when it is viewed by reflected light. Let us 
suppose that such a screen is now illuminated by two 
point-sources, one on each side of it, as shown in Fig. 47. 

Let us suppose that the screen is viewed by an 
observer at A. Then if the screen is illuminated only 
by the source Si, the spot will appear brighter than the 
screen, whereas if viewed when illuminated only by 
the source 83 , the spot will appear darker than the 
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screen. We can arrange experimentally, however, that 
when the two sources of light are acting together, the 
spot appears of the same brightness as the screen, and 
can in fact hardly be distinguished from it. In this 
case the intensity of illumination over the screen is 
exactly the same from either source, and invoking the 
inverse square law we may say 

d/ 

li Si^ be a standard candle or its equivalent, we may 
m this way find the candle-power of the source Sj. 

Rumford invented a shadow photometer which is 
sometimes used. A candle casts a shadow of a vertical 
rod on a screen; if another source of hglit be brought 
near, it will cast another shadow of the rod and will 
at the s^e tme tend to eliminate the first shadow: 
by adjustmg the sources of fight, the two shadows can 
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be brought close to each other aud made to appear 
of the same depth; the candle-powers of the two sources 
will bear to one another the inverse ratio of the squares 
of their distances from the screen. 



Joly has invented a simple photometer which 
consists of two slabs of solid paraffin set side by side, 
but separated by a sheet of metal. These slabs are 
very effective scatterers of light, and if a candle be 
set up about 1 ft. on one side of the photometer, one 






80 PHYSICS FOR MEDICAL STUDENTS 


of the paraffin blocks appears to be well illuminated by 
it, the other remaining invisible; if another source of 
light be put on the other side, the corresponding block 
appears to light up, and once again it is only a matter 
of adjustment to make the two blocks appear equally 
lit, which makes it possible to compare the candle-power 
of the two sources. 

Joly’s photometer brings out particularly well the 
difficulty of comparing the candle-power of two sources 
which do not give out exactly the same kind of light. 
For instance, if a candle and the light from a small 
electric bulb are used, the paraffin block illuminated 
by the candle appears definitely pinker than the other, 
though the two blocks appear equally bright. This 
colour difference sometimes makes it very diflSicult to 
compare two luminous sources, but the difficulty is 
got rid of to a great extent by the Flicker photomker, 
which is devised so that the two surfaces being tested 
are presented to the eye intermittently; if they are 
not equally bright, a flicker can be detected, but if they 
are equally bright, even though they are not the same 
colour, no flicker is detected. This photometer is used 
in the following way : A circular disc (Fig. 48) having 
two sectors cut out of it is flluminated by a source 
and made to revolve in front of a screen C illuminated 
by a source S^. AB is the disc mounted so as to rotate 
round the axis PPi. An observer at E sees first a region 
A illuminated by Si and then one at C iQuminated by Sj. 
When there is no flicker, the ordinary inverse square re¬ 
lation holds, provided the angles marked B, ^i are equal. 

Photometers are not only used to compare the 
candle-power of sources, but they can be used to find 
out the degree of absorption which light mav undergo 
in passing through different media. 

Optical media are classified as being transparent, 
translucent, or opaque. Transparent indicates that we 
may see clearly through such a medium, clearly enough 
to read print; typical examples are air, water, glass. 

A medium is translucent if it allows light to go into 
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or through it and yet does not allow of clear vision 
through it; a sea mist, water containing a httle milk 
or clay, and frosted glass ai’e examples of translucent 
media. Opacity means that light cannot penetrate; 
all metallic bodies are opaque, but here it is sometimes 
a question of thickness, for gold may be beaten out so 
thin that green light is aUe to penetrate it to an 
appreciable extent. 

Transparency does not mean that aU the light 
incident penetrates; ordinary window glass absorbs a 
small percentage of the light incident on it. The per¬ 
centage absorption can be determined very simply by 
photometry, as may be seen from the following 
example:— 

A standard candle I is found to give illumination 
equal to a lamp L when the distances are 45 and 51 cm. 
respectively. Hence, if I and L measure their candle- 
powers— 

I _ L 

If a slab of glass is placed between the lamp and 
the screen, cutting down the illumination so that L 
has to be moved to a distance 48-6 cm. in order to 
balance I, the equation would now be— 

I _ Li 
( 45 )^ ( 48 - 6 ) 2 ’ 

where L* is the effective candle-power of the lamp. 


L 

( 51)2 


LI 

( 48 - 6 ) 2 ’ 


^.e., 


Li=90 per cent. L. 


The slab has thei'efore absorbed 10 per cent, of the 
light incident upon it from the lamp. 

Reflection and Refraction. —^Very important 
differences are observed when light goes from one 
medium to another ; the term optical medium is used 
to denote that a medium has optical properties which 
cannot be predicted from a knowledge of its other 
6 
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characteristics; it is a matter of experiment anc 
measurement to determine them. 

Say that a beam of hght AB (Fig. 49) going thtougl 
air falls on a flat sheet of glass; draw BO normal tc 
the smface at B. Some of the light is reflected, and al 
that is “ regularly ” reflected will be found to be along 
BC, so that the angle of incidence i is equal to the angle 
of reflection, or < ABO = < CBO and AB, BC lie in the 
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same plane (Snell’s law). Some of the light goes 
mto the glass, and in doing so is refracted, i.e.^ bent out 
of its original dii'ection. Experimentally it is found that 
me beam is bent in such a way that it gets nearer to 
the normal drawn from B in such a direction as BD. 
ine angle DBO is called the angle of refraction and 
a certain relation has been found to exist between the 
angles ^ and r ; this is expressed as follows 

Sin i 

— = a constant, 
bjn r 


i 
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This constant is called the index of refraction and is 
generally written fj,. As in the case of reflection, the 
incident and refracted rays lie in the same plane 
(Snell’s law). 

The amount of light that is reflected from a surface 
depends upon the nature of the surface ; highly polished 
metals are able to reflect nearly all of the light falling 
on them, but a piece of black paper reflects hardly any 
at all; most transparent bodies reflect very little, but 
the extent to which they do reflect light depends very 
largely upon the angle of incidence. For instance, in 
the case of the sheet of glass just considered, if the 
beam hits the glass nearly perpendicularly very httle 
hght is reflected, it nearly all goes through; but if the 
beam makes a big angle with the normal, i.e., nearly 
grazing the glass, a very large percentage is reflected; 
the same is true for water, and the blaze of hght from 
a river or wet road, with the sun low down on the 
horizon, is good proof of this. 

The reflection that we have so far considered is 
sometimes called “ regular ” reflection; but there are 
important instances when hght, incident at a definite 
angle upon a surface, appears to be reflected in every 
direction, by a sheet of white paper for instance. If 
a beam of hght limited to quite a small angle falls on 
the paper, the latter is visible from practicaUy any 
possible angle; the hght is, in fact, scattered in every 
direction. Tliis apparent contradiction to Snell’s law, 
that the reflected and incident rays he in the same plane, 
is due to the fact that the surface of the paper is not 
as even as it appears to be, and in fact magnification 
would show that it is extremely irregular; the result 
is that the incident beam is really incident at a large 
range of angles and correspondingly reflected over a 
large range of direction. 

Referring once more to Fig. 49, observation shows 
that the refracted ray BD, on emerging from the glass 
into air, is deviated from its path ; but in this instance 
it is bent away from the normal, taking the direction DE. 
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In the previous ease we took /x to be the index of refrac¬ 
tion of a ray of light, going from air to glass, i.e., 

Sin i _ 

Sin r 

The same sort of relation will hold when it goes from 
glass to air ; so that the emergent angle i will equal the 
incident angle i, i.e., the ray DE' is parallel to the ray AB; 



the effect of the sheet of glass has been not to alter 
entirely the direction of AB, but merely to give it a 
lateral shift; if tire glass is very thin this is hardly appre¬ 
ciable, but it is easily measured when using a thick slab. 

The two laws of reflection are applicablefor thesolution 
of problems involving the reflection of Hght from plane 
or curved smfaces. The case of a plane mirror will be 
considered first. 

Let 0 be a luminous point in front of a plane mirror 
AB (Fig. 50). Draw any beam of rays OP, OQ, to meet 
the mirror. The ray OP incident at an angle i will be 
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reflected at an equal angle; similarly for OQ, and since 
i' is greater than i, the beam leaves the mirror as a 
divergent beam, i.e., it goes out into the air, widening 
as it does so. If an eye be placed in this direction, it 
sees an image of 0 at C. Exactly how this is brought 
about is mainly by physiological processes, because the 
divergent beam certainly does not go back along the 
paths PC, QC, the mirror actually lettiag no light go 
tlxrough it; yet an image of 0 is seen at C, and the position 
of C is exactly in the position wMch would be obtained 
if the reflected rays are traced back through the mirror. 
Such an image is called a virtual image, because it is 
not really there; but 'vurtual images have a \vide 
application in optics. The following rules for obtaining 
optical images will be found to be very useful:— 

1. If a pencil of rays originating in a smgle point is 

made to converge to, or to appear to diverge 
from, some other point, the second point is 
called the optical image of the first. 

2. If the rays actually pass through the second 

point, the image is said to be real. 

S. If the rays do not actually pass through the 
second point, the image is called virtual. 

An image, therefore, is the point where rays intersect 
or appear to intersect, and so at least two rays must be 
used in order to find the image of an object geometrically. 

This holds when dealing with cases other than point 
objects; a point of an object and the corresponding 
point of its image are called conjugate points. It is a 
general principle in optics that, if a real image of a point 
0 is formed at a second point I, then the image of an 
object placed at I would be seen at 0. 

A very important phenomenon occurs when light 
passes from one medium to another which is optically 
less dense. This phenomenon, which is known as total 
internal reflection, is well exhibited when light from a 
luminous object in water comes to the water-air interface. 
Let 0 in Fig.. 50a be a luminous point under water; 
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then any ray such as OP when it emerges into the air 
above will be refracted away from the normal at P, 
in a direction such as PA. Another ray such as OQ 
will also be refracted away from the normal at Q in a 
direction such as QB. These two rays form a divergent 
beam, ‘and an observer stationed in the direction of this 
beam will deal with it in the manner already described 
on p. 84, and he would see the object 0 at O'. The exact 



JFig. 50a. 


position of O' depends on the particular rays selected as 
coming from 0. A ray such as OR when it emerges 
into the air will come out very nearly grazing the 
water-air interface as shown by RC, and it will be 
easily seen that a divergent beam coming out in this 
dii’ection when produced backwards would form an image 
of 0 very near the surface. By getting down very nearly 
to the level of the surface of a river, the image of the 
river bed appears to be almost at the top of the water. 

From Fig. 50a it wiU be seen that a ray a little more 
inclined than OR would emerge parallel to the interface, 
and applying Snell’s law to this case, we may write 

Sin i_ 

Sin r 

where ft is the refractive index of a beam of light going 
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from air to water. Since in this case the beam is 
considered as going from water to air, the expression 
should be written 

Sin r _ 1 
Sin i [i' 

Since sin 90° equals unity, the expression becomes 



The angle which the ray in question makes with the 
normal is called the critical angle for the two media. 
A ray such as OS which is a Httle more inclined to the 
smiace would not emerge into the ah’ at all, but would 
be totally I’eflected back into the water, conforming to 
SneU’s law of reflection. It is to be noticed that aU 
rays from 0 which strike the interface at S or beyond 
this point would be completely reflected back into the 
water. This phenomenon is known as total internal 
reflection, and occurs whenever hght passes from one 
optical medium to another which is less dense. In the 
case of water and air, the critical angle can be determined 
with considerable accm’acy, and the value of the refractive 
index deduced from the relation 

Sinr=- 

is 1-34. 

By completing the diagram in Fig. 50a, it will be 
seen that the hght which emerges into the air is con¬ 
tained within a cone, the semi-angle of which is such 

that its sine is equal to zr^., i.e., ’746. 

^ 1-34 

Ordinary crown glass has a greater refractive index 
than water, and consequently the critical angle will be 
smaller. Glass prisms are often cut in such a way 
that hght entermg one face of the prism is totally reflected 
at the glass-air interface, the prism thus serving as a 
perfect reflector. 

Spherical Mirrors.—^I f 0 is a luminous point on 
6 a 
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the axis of a curved mirror of which C is the centre of 
curvature (Fig, 51), the image is found in just the same 
way as it would be if it were a plane mirror. Select 
two rays starting from 0, including between them an 
angle C. Tlie ray OA wiU be reflected along AI and the 
ray OP wiU retrace its path because it is incident normaUv 
at P. These two rays intersect at I, which is the image 
of 0. From the figure we see that the angles a, h, c 
bear certain relations to one another, for 

a = i + b and b==i+c. 

a=2b-c, or cf+c=26. 



Hence + 

IP OP CP’ 

or - + ^ ^ 

V M R' 

This relation between the distances of object, real 
unage, and radius of curvature of a converging mirror 
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will be found very useful in checking the accuracy of 
drawings. 

For the beginner the essential thing in optical work 
is that he should draw to scale aU the typical cases of 
image formation, and check the accuracy of drawing by 
analytical expressions suitable to particular cases. 

Suppose that AB is an object held in front of a 
concave mirror whose centre of curvature is C (Fig. 52). 
Provided the aperture of the mirror is not too large, 
it is found that light parallel to the axis converges after 
behig reflected by the mirror to a point F called the focus. 



I'M. 52. 


F is foxmd to be half-way between 0 and C, C being 
the centre of curvature. Therefore the focal length = -| 
radius of curvature. In order to get the image of A, 
at least two rays must be chosen in order to find where 
they intersect. Any two rays may be selected, but it 
will be found to simplify the drawing a good deal if two 
particular ways are chosen :— 

1. The ray from A drawn parallel to the axis after 

reflection goes through F. 

2. The ray from A directed through C after reflection 

goes back upon its own path because it hits the 
mirror normally. Where these two rays from 
A intersect is the image of A. 

Proceeding in tliis way for intermediate points 
between A and B, we get the whole image A^ Bj. 
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In the case of a mirror curved the other way, i.e., a 
convex mirror, if 0 is a point object, a beam diverging 



from it at an angle c meets the mirror at A and P ; at 
A it is'reflected away in the way shown in Fig. 53. 

At P it is reflected back along its path; these two 
reflected rays make a more divergent beam than actually 
started from 0 and, of course, no real image is formed. 
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( 


If, liowever, the reflected rays are traced backwards, 
they appear to converge to I, hence we say that a vii’tual 
image of 0 is formed at I, 


A 



Here again we have the angle 
a = angles i + b, 

i^b + G. a-26+c, or a~c^2b. 



and 
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Provided the angles a, h, and c are small, the tangents 
of the angles may, as before, be taken as proportional to 
the angles themselves. 

Hence, if u and v are the distances of object and 
image from the mirror, we have 

V u R’ 

where R is the radius of curvatiu’e. 

, ' V u 'R,' 

; Since a convex mirror tends always to disperse or 

j diverge Hght falling upon it, no real images can be 

j formed with it, wherever the object 0 may be placed, 

i J :< It has already been shown that the function of a concave 

I ; mirror is to converge light, so it tends to form real images 

of objects; but if the object is held too near such a 
j: mirror, the divergence of the rays from the object may 

r , bo too great for the converging power of the mirror to 

: overcome it. These two tendencies will, as a matter 

; of fact, just balance if the object is put at the focus of 

the mirror; and in such a case, since the divergence 
I is just, and only just, overcome by the mirror, the light 

‘ will have neither tendency, i,e., it will be parallel. 

I > , If the object 0 is brought inside the focus F and the 

same general lines of geometrical construction are 
attempted, it will be seen that the light diverges after it 
. leaves the mirror, as in Fig. 54. 

If an eye is placed so as to receive this divergent 
beam, it appears to see an image of 0 at I. This image 
' is a virtual image, and the construction shows that it is 

’ . an enlargement of 0; the exact position of this image 

may be found by means of a formula for concave mirrors 
' ’ derived as follows :— 

; i ^ be the centre of curvature of the mir ror 

I : (Fig. 55), 0 an object placed within the focus. Any 

: ; ray from 0 except the one incident at the pole of the 

! j mirror -will be reflected outwards, as in Fig. 55. The 
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one so drawn makes with the one reflected through C 
a divergent beam; if this beam is received by the eye, 
it sees an image at I. Then, as before, the angles 

a=^i-\'C, i — b+c. /. a — b’\-2Cy 


or 


+ ^ i,e -1 + 1=1 

It V 'R’ V u R* 


If we compare this expression with the one derived 
for the case of a concave mirror producing a real image 
of an object, we see that a minus sign comes in. This 



is very important when using the expression to check 
the results of graphical work. 

As shown in Fig. 49, a ray of light is refracted as 
it goes from air to glass, and if the glass is a plane 
parallel slab, the hght as it comes out into the air is 
refracted again, but in the opposite sense, so that it 
emerges in the same direction as it went in. 

If, however, the two surfaces of the glass are inclined 
to one another, we have what is called a prism, and the 
rays do not emerge parallel to their original direction; 
they suffer deviation, as in Fig. 56. An eye placed to 
intercept tliis divergent beam deals with it in a way 
very similar to what happens to a divergent beam 
from a mirror (Fig. 50); the observer sees an image 
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at I where the rays, produced backwards, appear to 
meet; I is the virtual image of 0, The angle S which 
the divergent ray makes vuth the initial direction of the 

A 



beam is called the deviation. It is found experimentally 
that if the prism is rotated so that the incident beam 
falls on it at a different angle, the position of I changes; 
it may move downwards towards 0, or it may move 
further away from 0. Obviously, the nearer I moves 
towards 0,the less the rays are deviated by the prism; 
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for any prism there is one definite position in which 
the minimum deviation occurs, so that whether it is 
rotated clockwise or anti-clockwise as we look through 
the prism, the image becomes more deviated. 

This particular position is called the position of 
minimum deviation, and in this case the rays go through 
the prism symmetrically, i.e., the angle at which they 
come out is equal to the angle at which they go in. 

Let OP (Fig. 57) be the incident ray, i the angle of 
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incidence; this ray is refracted along PE. and at R once 
again making an angle i with the normal. Then by 
geometry we have 

S=2(i-J-), A=2r, and 

Hin r 


Substituting for i and r, we have 


A • S + A 

- and i = -_-. 




Sin^ 


Hence measurements of the angle of a prism and of 
the minimum deviation produced by it give ns the 
refractive index of the material of the prism. 
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If we take a prism of very small angle (Fig. 58), the 
expression for the deviation becomes a very simple one. 
If we consider that the incident light _ makes a very 

small angle with the normal, then ^ may be written 

u = -: and since the deviation S = - r) and A = Sr, we 

r 

have by substitution 

S=(/x-l)A. 



Hence the deviation produced by a smaU-angled 
prism is proportional to this angle. 

Imagine three prisms made up of different angles; 
truncate the one of smallest angle and put the one of 
middle angle on top of it ; truncate this one and put 
the one of biggest angle on it, and we shall have an 
arrangement as shown in Fig. 69. 

Light from a luminous point 0 incident upon this 
arrangement will be brought to a focus at O', for the 
tnmcated prisms can deviate rays of differing diverg¬ 
ence to an increasing extent as we go upwards to 
the apex of the final prism. 

If these truncated prisms gradually merge one into 
the other, we have what is known as a lens. These are 
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of two main lands, convex or converging lenses and 
concave or diverging lenses. 


'o 
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and is brought to a focus at F; the distance of this 
point from the centre of the lens is called the focal 
length /. The more converging the lens, the shorter 
this length. In fact, the converging power of a lens is 


measured by j. If/is measured in metres, this reciprocal 

is termed the dioptre of the lens. Prescriptions for 
spectacles are made out in dioptres. 

Light from an object AB (Fig. 61), suitably placed in 
front of a convex lens, whose centre is C, may be con¬ 
verged to form an image, and the real image DE is 



Fig. 60 . 


seen to be inverted. The simplest rules for determin¬ 
ing the position of the image graphically are as 
follows:— 

From any point, say B, of the object, choose two 
rays— 

1. Tlie ray from B parallel to the axis of the lens; 

this will, as we have just seen, go through the 
focus F of the lens. 

2. The ray directed from B towards the centre C 

of the lens; this wiU go through the lens 
undeviated, because the two opposite sides of 
the lens constitute a parallel slab, and Fig. 49 
shows that sxich a slab does not alter the 
direction of transmitted light. 
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Hence the divergent beam from B, after going through 
the lens, becomes a convergent beam which in fact 
produces an image of B at E. If the same construction 



be carried out for intermediate points between A and B, 
the image DE is obtained. 

A simple relation can be found between u, v, and /, 
where u represents the distance of the object and v the 
distance of the image from the lens and/the focal length. 
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The triangles DEF, GCF are similar. 

DE^DF 
■■ GC CP' 


Also the triangles DCE, ACB are similar. 


DE^DO 
■■ AB AC’ 


and by construction AB=GC. 


Hence 


DP 

CP^AC* 


v-f V . , , 

= m-uf=fv. 


u 


V u f 


It will he noticed that this is a similar relation to 
that obtained when a real image is produced with a 
concave mirror. 

Magiufication.— The ratio of the size of an image 
to the size of the object is called the magnification. 
From inspection of Fig. 61, we see that 


Size of image _ Distance of image fr om lens 
Size of object Distance of object from l^s’ 

a simple ratio giving the magnification. 

If we now consider what would happen if a lens 
were constructed out of truncated prisms placed in the 
way shown in Fig. 62, it is seen that light would tend 
to be diverged instead of converged. 

If an eye be placed to the right-hand side so as to 
collect this divergent beam, it would appear to see 0 
at I, and I is called the virtual image of 0. 

A lens constructed on these lines is called a concave 
lens, its function being to diverge light; parallel light 
IS ^verged by such a lens, but, looking at a very distant 
object wough a concave lens, a diminished image 
of the object appears at a distance called the focal 
length of the lens, so that although light is not reaEy 
brought to a focus at all by such a lens, the term 
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focal length is used in the same general sense as for a 
convergent lens. 

Let AB be an object held at a distance from a concave 


f. 
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lens (Fig. 63). The ray from B parallel to the axis i, 
diverged by the lens, as shoAvn in Fig. 62; the ray directec 
to the centre C is imdeviated; these two divei'gent ray; 
do not form a real image, but they appear to diyerg( 
from E where ED is the virtual image of AB ; if is th( 



distance DC, then by .similar triangles we have as 
before:— 

FO AC 

.•. = or uf-uv=vf. 

j u 

1 _ 1^1 

V u f 

This is a similar expression to that found when a 
virtual image is produced with a convex nairror. 

If an object is brought within the focal length of a 
converging lens and the same two rays are taken as 
before, the ray parallel to the axis will then go through 
F and the ray directed to C will pass undeviated through 
the lens. These form a divergent beam; hence no real 
image can be formed. But if an eye is placed to collect 
this beam, it sees a virtual image at A'B', and from 
the construction of Fig. 64 it is clear that it must be a 
magnified image of AB. This is how a simple magnifying 
glass acts. 
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_ When a virtual image is formed with a concave 
mirror, the position of the image can of course always 



he found graphically, and to check the accuracy the 
usual formula with a negative sign for v is used. In 
exactly the same way when dealing with the formation 
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of a virtual image by a convex lens, careful drawing 
can be checked by using the formula for a convex lens, 
hut with a negative sign for v. For example, we maj 
take an object held 2 in. away from a lens of focal 
length in. 

The construction shows that the virtual image is 
found at a distance of about 10 in. from the lens. 

Using the formula 

- 1 + 1=1 
V u f 

and substituting, we have 

- 1 + 1 =± 

V 2 2-5‘ 

• 1 = 1_J^ 

" V 2 2-6‘ 

.*. «=10in. 


Some physicists prefer to deal with these two cases 
of virtual image formation which need a change in 
sign for 0 in a different Vfscy. All of the formulae for 
mirrors and lenses are derived with the following 
convention as to signs: distances measured on the 
s^e side of the mirror or lens as the object are con¬ 
sidered positive; those on the opposite side negative. 
While there is much to be said for this method, it may 
be easier for the beginner to retain the essential ideas 
of convergence and ^vergence, and the formulae which 
have been derived with no conventions at all, and simply 
remember that when dealing with virtual images pro¬ 
duced by converging mirrors or lenses, a change in 
sign of V must be made. There is then no need for 
looking upon the focal length of a converging lens as a 
negative quantity. 

A convex lens is a device for converging light, and 
its power of doing so is briefly expressed as J-, where /j 
is its focal length; if we place another lens whose 
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1 

converging power is ^ close to the first one, then the 
resulting convergence is given by 


S' A A 


If, however, we combine with the first one a diverging 

1 

lens whose power is given by -j, then the resulting 
convergence is 

L=L-L 

F A A' 


Whether the double lens will converge or diverge 
light depends, of course, upon whether ^ is greater or 

A 

less than L. 

A 

In the case of curved mirrors, the focal length is one- 
half of the radius of curvature. For lenses no such 
simple relation holds. It can be proved that 


1 

/ 





where /x is the refractive index of the glass and Ri, 
the radii of curvature of its two curved surfaces. In 
the special case where ju.=l-5 and Ri^R,, the focal 
length is just equal to the radius of curvature. 

The Eye.— Normal sight is made possible by 
one of the most perfect structures exhibited by living 
things. The eye, a diagram of which is given in Fig. 65, 
is made up of a thick covering called the sclerotic coat, 
which is lined, except for the actual aperture of the eye, 
with the retina, which plays the part of a screen upon 
which the optical images are formed ; these images give 
rise, through a very elaborate mechanism, to sensations 
which are conveyed to the brain by means of the optic 
nerve. The cornea is the thin outside lens separated 
from the lens proper by a fluid called the aqueous 
humour. The lens is suspended in position by filaments 
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attached to the cihary muscles; the inner chamber of 
the eye is filled with the vitreous humour. The adjust¬ 
ments necessary for the clear seeing of objects on the 
horizon and at the next instant the type of a book 
held a few inches away from the eye are so perfect 
that one is not even conscious that anything is being 
adjusted. 

This process is called accommodation, and it consists 
in altering the curvature of the lens to suit the divergence 
of the rays entering the eye. When looking at a very 
distant object, the eye has to cope with rays having 







hardly any divergence at all, in fact practically parallel 
light, so the lens needs its minimum curvature and it is 
then relaxed. When reading a book there is a demand 
for more curvature of the lens, and if the book is brought 
too near to the eyes, a distinct sense of effort is felt in 
order to see the very near object distinctly. 

One can soon find for oneself that there is a best 
distance for viewing an object well, and this is referred 
to as the minimum distance of distinct vision, and for 
most people it is about 9 in. from the eye. 

That images are reaUy formed on the retina can very 
easily be shown by taking a large eye, sav the eye of 
an ox, cutting a small window in the retina in line 
with the pupil and cementing a thin glass window over 
the aperture to retain the vitreous humour; a thin 
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layer of paraffin wax over the window allows one to 
see the image of a distant object quite well. 

Defects of Vision. —^There are four main defects of 
vision which can be compensated by comparatively 
simple means. They are :— 

Myopia, or short sight. 

Hypermetropia, or long sight. 

Presbyopia. 

Astigmatism. 

People suffering from myopia cannot see distant 
objects distinctly; very often they cannot see things 
clearly more than a foot away; when fuUy relaxed, the 
lens is still too convergent for distant objects ; images 
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are therefore formed in front of the retina with con¬ 
sequent blurring of vision. Tlie defect is remedied by 
giving the fuUy relaxed lens just the amount of diver¬ 
gence it needs to focus a distant object, so the spectacles 
used are concave lenses. 

If AO (Fig. 66) is the greatest distance off that an 
object can be and still be seen clearly Jby a myopic 
person, 0 is called the far point, and all points from 0 
to infinity, or say the horizon, have to be corrected. 
If a concave lens of focal length AO be put in front of the 
eye, then a distant object will give a virtual image at 
0 which the eye could cope with. As the object is 
brought nearer and nearer to the eye, clear vision is 
brought about by the natural process of accommodation. 

People suffering from hypermetropia can see distant 
objects clearly enough, but when anything is brought 
nearer than about a yard from the eye, it cannot be 


••'i 




108 PHYSICS FOR MEDICAL STUDENTS 

seen clearly because the distance between the lens 
and the retina is unusually short. The remedy here is 
to help the eye with just the amount of converging power 
that it lacks. Clearly the greatest amount will be 
needed when the long-sighted person wants to see an 
object at the normal minimum distance of distant 
vision. Imagine a case so that the long-sighted person 
has what is called a near point N a yard away, i.e., he 
caimot see clearly any object nearer to him than this. 
He wants to see objects between N and D (Fig. 67), 
where D is 9 in. from his eye. 

If he is given a converging lens of such power that 
a virtual image of an object at D can be formed at 



Pig. 67. 


N, he will then be able to see the object clearly, and an 
object anywhere between D and N will be dealt with 
by the natural process of accommodation. 

The focal length of the lens required can be found 
graphically, as in the example of Fig. 64, or by means of 
the equation 

_ l^l^l 

' V u f 


We have 


36 9 / 


.-. /=12iii. 


Presbyopia is essentially a defect of vision that 
gets more pronounced with age. A presbyopic eye 
has increasing difficulty in seeing clearly near objects, 
due to a lack of converging power of the lens. 'This 
is remedied by the use of convex lenses, as in the case 
of hypermetropia. 
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Astigmatism is a defect of vision due to the lens 
having different curvatures in different directions. 
Suppose that a vertical section through the lens showed 
a greater curvature than that given by a horizontal 
section. Then rays coming from an object held in front 
of such a lens will not be brought to a proper focus 
owing to the asymmetry of curvature. An extreme 
case of such difference of curvature is met with in 
cylindrical lenses; here a definite curvature in one 
plane is associated with no curvature at aU in a direction 
peipendicular to it. The way of correcting astigmatism 
is to provide a lens with just the degree of curvature 
necessary to make good the deficiency found in the 
lens of the eye. 



Aids to Normal Vision.— ^The simplest aid to normal 
vision is the ordinary magnif}ung glass. The clearness 
with which we can ordinarily see a thing depends upon 
the angle which objects subtend at the eye. For 
example, an object at AB (Fig. 68) is seen more clearly 
than at A'B', because it subtends a bigger angle at 
the eye ; this is easily tested by taking a sheet of small 
print well illuminated and holding it, say, a couple of 
feet from the eye; in order to distinguish the print 
most easily, we bring it to the minimum distance of 
distant vision, i.e., about 9 in. from the eye. The angle 
of vision would, of course, be more favourable stiU if 
we brought it nearer, but the accommodating power 
of the eye would become strained in order to deal with 
the great divergence of the rays entering the eye. If, 
however, with the object quite near the eye we interpose 
between them a convex lens, we can arrange that its 
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virtual and therefore magnified image is formed at 
AB; in this way the magnifying power of a simple lens 
is explained- 

If a convex lens of focal length 3 in. is held close to 
the eye and the object is held in. from the lens, a 
virtual image is formed 9 in. away from the lens. This 
can be proved by drawing, as in Fig. 64, or from the 
expression 

_1 1 ^1 
V u f 


If for V the distance of the image from the lens we 
use the letter D to denote the minimum distance of 
distinct vision, then we may write 


111 . 

. +_= ^.e., 

Dm/ 


M r-D’ 


or 


M = 


/D 

/+!)■ 


Magnification is defined as the ratio of the size of the 
object to the size of the image, and, as shown in Fig. 61, 

this is the same as the ratio -. 

u 

Hence the magnification produced by a single lens 

used as a magnifier is in this case given by —. 

u 


Substituting the value of ii, we have 

Magnification = = 1+5. 

/D / J 
/+D 

With the values given in the example, it is seen that 
the magnification will be 1 + | = 4, a result which agrees 

with that given by the ratio 

D 9 . , 

*• 

A simple microscope consists of two lenses; the 
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one near the object is called the objective and the one 
near the eye the eye-piece. Suppose that it is desired 
to look at a very small object AB (Fig. 69); if we place 



it just outside the focus of a very convergent objective, 
i.e., one of very short focal length, a magnified image 
appears at A' B'; if the eye-piece is now arranged 
so that tins real image A' B' is within the focus of the 
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eye-piece, a virtual and enlarged image A" B" appears. 
It is usual to arrange that this image is formed at the 
TniTn'Tvmm distance of distinct vision for reasons just 
stated, and it will be noticed from Fig. 69 that it is 
an inverted image of the object; but people who use 
microscopes a good deal soon get used to this. There 
are many very important developments embodied in 
these simple principles which make the modern micro¬ 
scope the excellent instrument it is, but these cannot 
be entered into here, 

A telescope is designed to help the vision in looking 
at distant objects. Here again in the simplest form of 
instrument there is an objective and an eye-piece, 
but in this case the objective is one of long focal length. 

Rays from a very distant object form an image CD 
(Fig. 70) only just a httle beyond the focus of the 
objective; the eye-piece is, as in the microscope, 
adjusted so that this image is just within its focal 
length, and therefore gives a magnified virtual image 
HE. The magnifying power of a telescope is given by 
the ratio of the size of the image to that of the object. 
This ratio may be expressed as the ratio of the angles 
subtended by image and object. The telescope itself 
is .short compared with the distance of the object, so 
the half angle subtended at the eye by the object is a. 
In the diagram only one-half of the field of view is 
drawn. The eye is held close to the eye-piece, so that 
the half angle subtended by the hnage is 

Hence magnifying power 

a ^ ED' 

FD 

FD is very nearly the focal length of the objective 
and ED is practicaQy the focal length of the eye-piece, 
so we may say that the magnifying power of telescope 

_Focal length of objective 
Focal length of eye-piece’ 
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The image formed by a simple telescope is iaverted 
which, though not a serious matter in astronomical 
work, would obviously be inconvenient for observation 



over land or sea. Terrestrial telescopes are therefore 
provided with extra optical parts which ensure that the 
image is the right way up; this is usually done by 
having two convex lenses of equal focal length set up 
between the objective and eye-piece in such a way 
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that the distance between them is equal to twice their 
focal length. 

SPECTRA 

The Solas Specteum.— Newton showed in 1673 



that a beam of white light can be split up by means of 
a prism into a number of constituent colours. He 
arranged that a beam of sunlight fell upon a glass prism 
in such a way that the beam as a whole was deviated 
out of its course. Newton observed that the emergent 
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beam was no longer white but coloured, and by collect¬ 
ing the emergent beam with another lens, the different 
components of the beam were brought to a number of 
foci, as shown in Fig. 71. Newton called this the 
spectrum of sunlight, and the term is stiU used to denote 
the various constituents into which any source of light 
may be analysed. 

Sunlight may be resolved into what are known as 
the spectral colom-s; they are red, orange, yellow, 
green, blue, indigo, and violet. Ked Kght is deviated 
by the prism least; the intermediate colours come in 
between the red and the violet in the order in which 
they are named. 

Since Newton’s discovery a great deal more has been 
found out about the composition of hght, and one of 
the most important things is that the different colours 
have different wavelengths. Perhaps our first im¬ 
pressions of wave-length are got from watching waves 
on the sea. The distance from the crest of one wave to 
the crest of the next is called the wave-length, and in 
water we know that this may vary from quite tiny 
ripples to the big Atlantic rollers which may be separated 
from one another as much as 50 ft. 

It is possible to measure the wave-lengths of the 
various coloured constituents of white light, and it 
is usual to express these wave-lengths in what are 
called Angstrom units and written A.U. The wave¬ 
lengths are very small indeed, but it wfil be seen in 
a later section that there are rays which have wave¬ 
lengths far shorter than Kght. Red and violet rays 
(Fig. 72) set the Kmits at either end of the visible 
spectrum; the actual limits of vision are generally taken 
for anyone of normal sense of colour to extend from a 
wave-length of 7,600 A.U. (red) to 3,800 A.U. (violet). 
Some people have a Kttle bigger range of vision than 
this, but many have not quite so big a range. If we 
look at a sj)ectrum projected on to a screen, we notice 
that there are parts, for mstance, where it appears 
yellow, and this extends for some distance until we 
8 
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begin to see a change, say, to green; this m turn 
extends some distance until we detect a bluish tinge 
appearing, and so on. Although we may look an 



appreciable distance across the spectrum without the 
eye detecting any appreciable change in the colour, 
yet any appreciable shift across the spectrum means 
an actual change in wave-length ; so that a whole group 
of_ wave-lengths are included in what we call the yellow 
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part of the spectrum and another group in the green, 
and so on. 

The most usual way of examining.the spectrum of 
a body is to follow very closely the lines laid down for 
the production of the solar spectrum by Newton, only 
visual observation is often dispensed with in favour of 
a photograph of the spectrum. The instrument for 
observing spectra is called a spectroscope, a diagram 
of which is seen in Fig. 73. 

Tlie light from the source S, whose spectrum is to 
be examined, passes through a narrow vertical slit N 
placed at the focus of a lens Lj. 



This part of the instrument is called the collimator. 
From Li the Light falls on a prism and the components 
of light are dispersed by it to different extents, so that 
they are brought to different foci by the lens Lj. The 
spectrum which they then form is viewed by the 
observer through the eye-piece Lg. If a photograph 
of the spectrum is wanted, the eye-piece is taken out 
and a photographic plate is put so that the spectrum 
comes sharply in focus on it. 

Suppose that S gave out light of only one wave¬ 
length ; these waves would enter the slit N, be collected 
by Li, and in turn by Lg, after being deviated by the 
prism, be brought to a focus by Lg forming in fact an 
image of the slit N; if N were made a very fine slit, 
all we should see on looking through the eye-piece Lg 
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would be a very thin Hne. The larger the number of 
different wave-lengths given out by S, the larger the 
number of lines that will be seen in the field of view of 
the eye-piece. These lines are often called spectral 
lines and, as explained, they are simply images of the 
sht of the coUimator. By widening the slit the spectral 
lines are broadened; by narrowing it the lines are got 
very fine. 

Emission Spectka. —^The spectra which are given 
out by bodies vary very largely with experimental 
conditions. We can, however, say that in nearly all 
cases when a body is giving out light (not reflecting or 
scattering it from some other source) it is also giving 
out heat, but that in ordinary spectroscopic observations 
this is lost sight of, because the eye does not detect radiant 
heat easily unless it is intense. 

Now one kind of spectrum is produced by the simple 
process of heating a body; when a poker is put into a 
fire, it soon becomes a dark red colour, then bright 
red, then yellowish, and finally, with a very hot fire, 
the poker looks almost white; this is known as “ white 
hot.” 

If the poker be examined spectroscopically at these 
various stages, it will be found that initially the spectrum 
consists of red light, but finally all the colours of the 
spectrum wiU be represented in it; very similar indeed 
to the solar spectrum. If these observations were 
made with a poker made of either copper or silver or 
any other metal of high enough melting point, exactly 
the same sort of thing would be noticed—^the spectrum 
actually seen would depend only on the temperature 
^d not on the particular metal chosen. Such a spectrum 
is known as a continuous spectrum, and this is often 
referred to as temperature radiation. 

By changing the experimental conditions, these 
three metals may, however, be shown to be capable of 
emitting spectra quite different from one another. 
One way of showing this is to form an electric arc of 
the metal; this is done by fitting two pieces of the 
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metal, called poles, into clamps in such a waj’^ that, when 
the two pieces of metal touch one another, they com¬ 
plete an electrical circuit; at the moment of contact 
an electrical current passes from one pole to the other 
and the pole pieces are then withdrawn from one 
another; but the current goes on flowing between them 
as some of the metal is volatiKsed. Bringing the two 
pole pieces together, and separating them is called striking, 
and the arc that is formed will go on until the pole pieces 
are volatihsed to such an extent that the gap between 
the poles becomes too big for the current to be conveyed 
across; the arc wfll then suddenly go out unless the 
pole pieces are brought nearer together. This is done 
by some automatic meclianism in the large carbon arcs 
which are used for street lighting, cinema projectors, 
searchhghts, etc. 

In marked contrast to the spectra of merely hot 
bodies, the arc spectra differ enormously from one 
another. In Fig. 74 the arc spectra of a number of 
different substances are grouped together; those chosen 
are often used for medical purposes. Two of the most 
noticeable features of these arc spectra are that they 
appear to consist very largely of lines and bands and, 
in order to insist upon the distinction between them 
and the continuous spectra already discussed, these 
spectra are often called line and band spectra ; band 
spectra appear to be disjointed portions of con¬ 
tinuous spectra except that they have certain added 
characteristics. 

If a series of sparks from an induction coil is sent 
from one pole piece to another of the same metal, which 
is only a few millimetres away, and the light from the 
sparks is then examined with a spectroscope, it is found 
to be quite different from the arc spectrum for that 
particular metal. The spectra so formed are called 
spark spectra, and generally consist of series of spectral 
lin es; they are of great scientific interest, but they are 
not put to much medical use. 

In the section devoted to photometry, it was stated 
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that many substances other than those termed opaque 
bodies have the power of absorbing light to some extent. 
The best way of finding out how much the different 
components of hght are absorbed by a substance is to 
combine the methods of photometry and spectroscopy. 

For example, when a solution of copper sulphate is 
held up to the hght, the transmitted Hght appears to 
the eye to be blue. We might from this conclude that 
all other colours of the spectrum are absorbed by the 
solution, letting through only blue. If, however, the 
solution is placed in front of the sHt of a spectroscope, 
so as to intercept the Hght from an incandescent source 
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Fig. 73. 

and the transmitted Hght viewed through the eye-piece 
of the instrument, it is found that this is not the case •; 
many of the other colours are transmitted, though the 
red and orange are. very largely absorbed by the solution. 
The spectrum so obtained is called the absorption 
spectrum of the substance, and these absorption spectra 
are made considerable use of in medicine. One of the 
most important instances is that of blood. If the end of 
the finger is pricked with a clean sterile needle and a 
few drops of blood are shed into a solution of sodimn 
citrate, the blood corpuscles retain their globular form, 
and when the solution is examined in the way just 
described, it is seen that parts of the visible spectrum 
are missing, i.e., they have been absorbed by the blood. 
Such an absorption spectrum is illustrated in-Fig. 75 
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(No. 1). The substance in the blood causing this ab¬ 
sorption is known to be oxy-hsemoglobin; in cases of 
carbon monoxide poisoning, it is known that this 
substance is changed into carboxy-hsemoglobin, which 
has a different absorption spectrum from that of ordinary 
oxy-hsemoglobin. This may be seen from No. 2 in the 
same illustration. There are many other instances in 
which absorption spectra may be used to identify 
changes in the fluid constituents of the body. 

Reference to the arc spectra of Fig. 74 shows that 
there are ntunbers of spectral lines extending far beyond 
the wave-length 3,800 A.U., the particular wave-length 
generally taken to denote the limit of vision for violet 
light. If an observer had brought his eye to the eye¬ 
piece of the spectroscope, he would have seen nothing 
beyond this wave-length; but when a photographic plate 
is substituted for the eye, a record of many other spectral 
lines is obtained, many of which are of much shorter 
wave-length than the extreme violet of the visible 
spectrum. Such radiation is called ultra-violet radia¬ 
tion, and although these rays do not act upon the retina 
of the eye causing the sensation of vision, their existence 
is not open to doubt when they can be so easily registered 
on a photographic plate. These rays, which are some¬ 
times called actinic rays, have been found to be very 
active chemically; they also have very remarkable 
effects upon hving things, many of which are not yet 
at all perfectly understood. The bulk of the ultra¬ 
violet rays from any of the arc lamps which are largely 
used in medical work penetrate less than a millimetre 
of one’s skin; yet in spite of this, it has been shown 
indisputably that rickets can be cured by exposing 
the chfld’s body to these rays; how this is brought 
about is not yet certain, but it appears to be due to 
a chemical substance formed by the action of the rays 
upon the skin in some way and its subsequent liberation 
into the circulation. 

Photographic plates are generally much more sensitive 
to the violet end of the spectrum than to the red end; 




LIGHT 


123 

in fact, they are often quite insensitive to red Hght, 
a,nd this allows one to develop plates iu a pure red 
Hght. Plates can, however, be made which are sensitive 
to red rays, and when the arc spectra mentioned before 
are photographed on these plates, the photographic 
record^ is seen to extend to wave-lengths longer than 
7,600 A.U., the limit of vision for red light. Here again 
the inference is drawn that the arc spectra give out 
rays, invisible to the eye, but of longer wave-length 
than can be detected by the eye. These rays are called 
infra-red rays; they are not generally investigated by 
means of photography, for other much more dehcate 
and convenient methods have been devised. The 
luminous spectrum, therefore, is said to extend between 
the limits Wd by vision; but sources of light are only 
too often at the same time sources of infra-red and of 
ultra-violet radiation. 

Achromatism.— ^The spread of colours by a prism 
is called dispersion, and is of great importance in the 
design of optical instrmnents. In view of this it is 
necessary to specify the refractive index of optical 
media in more detail than we have so far done. 

For instance, if a beam of red light is allowed to pass 
thi’ough a prism of ordinary crown glass, we find by 
the method outlined on p. 95 that the refractive index 
for a beam of red Hght in going from air to crown glass 
is 1-511; and on doing a similar experiment with violet 
Hght, a refractive index of 1-533 is given; a difference 
of 1|^ per cent. Similarly, with a prism of flint glass, 
we find for red rays /x =1-695, and for violet rays ju.= 
1-743, a difference of nearly 3 per cent. It is seen then 
that not only has flint glass a bigger refractive index 
than crown glass for Hght as a whole, but that it also 
has a greater dispersive power. 

An ordinary convex lens wiU have a shorter focal 
length for ^dolet Hght than for red Hght, so that a paraUel 
beam of white Hght cannot be brought to a siugle focus, 
and if such a lens is used in a camera, the picture on the 
viewing screen, although in focus for one sort of Hght, 
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is out of focus for the others. This defect of lenses is 
called aclrromatism; it can be corrected by making use 
of two kinds of glass for the particular lens that is 
required. Suppose, for instance, that a convergent lens 
of crown glass is combined with a divergent lens of 
flint glass. A parallel beam of white light entering 
from the left of Fig. 76 will have its violet components 
more deviated than the red components by the convex 
lens; but when tliis separated beam falls on the divergent 
lens of flint glass, tliis separation tends to be corrected, 
and by suitably choosing the focal length, so that it 
is not actually as much divergent as the crown glass 
lens is convergent, the combination of the two lenses 
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may still act as a convergent lens; but there is no 
spreadmg out of the constituent colours as there would 
be if either lens were used separately. This method is 
the one generally used for ^ettiug rid of chromatic 
aberration, and the combination of lenses is called an 
achromatic lens. 

Advantage,is. taken of the diffei'ent dispersive powers 
of cro^ glass and fluid glass in the construction of 
what is called a direct-vision spectroscope. Suppose 
that we have an ordinary crown glass prism and that 
we combine with it one of flint glass of rather smaller 
^le inverted as shown in Fig. 77. A beam of white 
light will be deviated by the first prism, and there will 
be dispersion of the different colours ; but the tendency 
of the second prism will be to deviate the rays in the 
opposite direction, and it is a matter of adjustment of 
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the two angles of the prisms to arrange that, on the 
whole, yellow Hght is quite undeviated in going through 
the pair of prisms. The condition wiU be seen, by 
reference to the case on p. 96, to be approximately that 

(/Xc-l)Ae=(Mf-l)A.,, 

where /xo and /Xf are the refractive indices for yellow light 
in going through the crown and flint glass prisms, and 
AgAp are the angles of the two prisms. 

Under these conditions the red and violet components 
of the beam of white light will be deviated slightly to 
either side of the yellow, so an instrument is evolved 



by which it is possible to see the spectrum in the direc¬ 
tion in which the Hght is coming from the luminous body. 
The actual amount of separation of the colours is, of 
course, not so large as is obtained with the ordinary 
spectroscope, but it is sometimes very convenient to be 
able to look directly in the line of the source when a 
spectrum is being examined. 

The Velocity of Light. —^The first estimation of 
the speed with which light travels was made by the 
astronomer Homer ; he showed that the interval between 
successive ecHpses of one of Jupiter’s moons got gradu¬ 
ally longer for a period of six months, after which the 
interval gradually got shorter. Romer rightly attributed 
this to the fact that Hght takes sonie time to travel 
from the satelHte of Jupiter to the earth, and that if 
the observer was gradually travelling away from it, the 
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interval between successive eclipses would get bigger, 
while if the observer on the earth were moving towards 
Jupiter, this interval would get shorter. By careful 
observation of these intervals over a period during 
which the earth traversed its whole orbit round the 
sun, Romer deduced that light travelled with the 
enormous speed of 190,000 miles per sec. 

The next estimation of this speed also came from an 
astronomer, an Englishman, Bradley, who discovered a 
phenomenon to which he gave the name “ aberration.” 
If we picture a telescope pointed to any particular star 
in the heavens, the rays of light from the star enter the 
object glass and pass down the telescope, forming an 
image which is dealt with by the eye-piece in the way 
already explained. The telescope wUl, however, be 
moving through space with the speed of the earth in 
its orhit, so that unless the rays of light have an infinite 
speed, the image of the star wiU be displaced to an extent 
depending on the two speeds in question. Actually, 
Bradley found that a star near the pole of the earth’s 
orbit appears to describe an ellipse about its mean 
position in the course of a year. The angle of aberration 
was not as much as a sixtieth of a degree; but such 
was the precision of Bradley’s work that the speed of 
light that he deduced, viz., 3'05xl0“ cm. per sec., 
is extremely near to the value now accepted. 

The first successful attempt at measming the speed 
of light by laboratory methods was made by the French 
physicist Fizeau. The principle of the method he used 
is as follows :— 

Suppose that light is sent through one of the gaps in 
a spinning cog wheel and is sent back by a distant 
reflector just in time to be met by one of the cogs, then 
an observer on the other side of the wheel will §ee no 
light corniug back through the cog wheel. The arrange¬ 
ment adopted by Fizeau to test this was similar to 
that shown in Fig. 78, and the results completely 
vindicated the claims of the astronomers that light 
travels with an enormous speed. 
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Light from the source S is reflected from a half-silvered 
mirror M, so that it passes through a gap in the cog 
wheel C, is then collected by the lens L^, and sent as a 
parallel beam to Lj, which converges it to a mirror 

A 



from which it is sent back along its path; a part of 
this reflected light, if not intercepted by one of the cogs 
of the wheel, reaches the eye of an observer E, The 
cog wheel in Eizeau’s experiment had 720 teeth and 
revolved 12-6 times per sec. The path traversed by 
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the light was 8,633 metres and the speed of hght found 
by Fizeau was 295,000 km. per sec. 

A few years later, Foucault devised a method for 
comparing the speed with which hght travels through 
air and water. He foimd that it went 1'34 times 
quicker through air than water; reference to p. 87 
shows that the refractive index of a ray of light in 
going from air to water is also 1-S4i; so that a real 
physical significance is given to the number representing 
the refractive index by this important discovery of 
Foucault—^the bigger the refractive index, the more 
slowly light travels through the medium. 

A series of measurements of the speed of light made 
in 1926 gave the result 299,796 km. per sec., so that 
very Kttle error is made if we take the value 3 x 10“ 
cm. per sec. 

The Polarisation of Light.— ^When light goes from ‘ 
a source A to B it is usual to say that the vibrations are 
at right angles to the direction in which the light goes. 
The vibration might be, as drawn in Fig. 79, in the plane 
of the paper; it might be perpendicular to this plane, 
or indeed make any angle with it, provided it was s till 
at right angles to AB, and it is customary to think of the 
disturbance arising at A and going to B as quite un¬ 
restricted, in the sense that vibration is just as likely 
to occur in one plane as it is in any other, provided 
always that it is at right angles to the direction in which 
the Hght is travelling. 

It is found, however, that certain substances have 
the power of restricting the vibration of light when 
it traverses them, and in these circumstances the hght 
is said to be polarised. 

One of the most striking instances of this is provided 
by the naturally occurring crystal tourmahne; these 
crystals are of a greenish colour and, when cut parallel 
to the crystalline axis, give crystals like A in Fig. 80. 

If a similar crystal be placed over A, but turned round 
through a right angle as in B, no hght will go through 
the part where the two crystals overlap. This is 
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explained by saying that touxmaline caii polarise the 
light, restricting its vibrations so that they can only 
be executed in one plane; suppose, for example, up 
and down, but not from left to right. 

The effect of superposing B upon A CQ 

is to extinguish all the hght, because 
in the position indicated, the only 
vibrations that could get through B 
are not actually present in the hght 
as it comes through A. Bartholinus 
discovered in 1669 that an object 
viewed through a crystal of Iceland 
spar appears to have two images, 
and to this phenomenon he gave the 
name double refraction; tins is due 
to the crystal having one refractive 
index for the vibrations of hght 
wliich are in one direction in rela¬ 
tion to the structure of the crystal, 
and a different index for vibrations 
at right angles to this direction. In 
other words, a ray of light travels 
with different speeds through calcite 
according to the way in which the 
vibrations are orientated with re¬ 
spect to the structure of the crystal. 

A single ray is spHt up into two 
rays, one called the ordinary ray 
(having a refractive index of 1-658) 
and the other called the extra- ^ 

ordinary ray (having a refractive 
index of 1 -486). 

Nicol constructed a prism, which 
bears his name, in the following 
way: A piece of calcite is cut into 
two pieces, shaped as in Fig. 81, the two pieces then being 
cemented together by Canada balsam, which has a 
refractive index of 1-53. A ray incident at A is spht 
up into two rays, tlie ordinary AO and the extraordinary 
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AE. When the ray AO reaches the interspace, it suffers 
total internal reflection, the other ray passing across this 
interspace and emerging on the far side. The emergent 
light is plane polarised, like the light which has passed 
tlirough a crystal of tourmaline. Nicol proved that 
this was so by letting this emergent ray enter another 
similar prism rotated through 90° compared with the 
position of the first one; no light was transmitted 
through the second prism; it was, in fact, set to extinc¬ 
tion. The function of the first prism is to polarise the 
light, and may be called the polariser; the second 



prism detects the state of polarisation, and is called 
the analyser. 

Arago discovered in 1811 that some substances, of 
which quartz is an outstanding example, have the power 
of rotating the plane of polarisation, so that if a Nicol 
polariser and analyser are set to extinction and a piece 
of suitably cut quartz is interposed between them, light 
passes through the analyser, the plane of polarisation 
of the light having been rotated ; by finding the requisite 
angle of rotation of the analyser for extinction once 
more, the degree of rotation of the plane of polarisation 
can be found. 

An instrument based upon this phenomenon is called 
a polarimeter, and the instrument devised by I^aurent 
is very suitable for the examination of soHds or liquids 
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for finding their power of rotating the plane of polarisa¬ 
tion of plane polarised light. 

Light from a sodium flame is polarised by the Nicol 
prism P, the analysing Nicol A being mounted on the 
same axis in a tube which carries a small viewing 
telescope, as in Fig. 83. Initially P and A are set to 
extinction, but when an optically active body, ix., one 
which can rotate the plane of polai'isation, is interposed, 
the field of view is no longer dark; extinction can, 
however, be brought about by rotating the analyser, 
and the extent of this rotation is measured on a circular 
scale. 

It is not easy to say exactly when complete extinc¬ 



tion of the light occurs, and a device known as a half¬ 
wave plate placed just behind the polariser, which 
splits the field viewed by the telescope into two parts, 
is often used. It is an easy matter to judge when these 
two parts of the field are equally flluminated, and this 
equality is upset by interposing the optically active 
body ; the amount of rotation of the analyser necessary 
to get equality again measm'es the rotatory power of 
the body. 

When use is made of definite quantities of optically 
active bodies, the polarimeter provides a very quick 
means of mea.surement, and it is used sometimes as a 
method for the estimation of sugars; dextrose and 
laevulose are chemically identical, though they disclose 
some structural difference by their power of rotating 
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the. plane of polarisation in exactly opposite direc¬ 
tions. 

It is found that the rotation of the plane of polari- 
meter occurs clockwise in some substances and anti- 
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clockwise in others. The amount of rotation produced 
depends on the thickness of material interposed. Quartz 
has the power of rotating the plane of polarisation to an 
extraor(hnary degree, some samples bemg dextro-rotatory 
and others lasvo-rotatory; in some samples it is as 
much as 21-72° per mm. thickness. 
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Looking along the ray of light towards the source 
of light, the rotation of the plane of polarisation is said 
to be I’ight-handed if clockwise, but left-handed if 
anti-clockwise. 

Biot stated the two following laws regarding the 
phenomenon:— 

1. The amount of rotation is proportional to the 

thickness traversed by the ray. 

2. The rotation produced by two substances is the 

algebraic sum of their separate rotations. 



CHAPTER IV 


SOUND 

Heaeing is one of the primary sensations, and when 
any sound is heard, it can be traced to some vibrating 
body. These vibrations are sometimes visible, as in 
the to and fro swiag of the prongs of a tuning fork, 
but more often they are not visible. When a tuning 
fork is sounded, it vibrates in such a way that it sets 
the air surrounding it into vibration; these vibrations 
act upon the drum of the ear and are then transmitted 
to the internal mechanism of the ear, which is a very 
comphcated structure; the final result is that some 
impression is conveyed to the brain, and the individual 
hears. 

There is no standard sounding body which can be 
looked upon as giving a unit amount of sound per 
second in the same way as unit candle-power, or the 
calorie serve as units of filuminating power or heat. 

Ordinary observation leads us to distinguish three 
main characteristics in any sound which we hear; 
they are—^pitch or frequency of vibration; amplitude 
or loudness of the sound; and timbre or quahty, which 
refers to the character of the sound. There are few 
people who would not at once recognise some essential 
difference between a single note played on a violin or 
banj 0 , or sung. The notes might have exactly the same 
frequency and loudness, but the timbre stands out as 
something distinct in each case. This difference is 
largely due to the fact that a vibrating body tends to 
set parts of itself or other neighbouring bodies vibrating, 
and these added vibrations give the note its quality. 
What makes a Stradivarius violin so highly prized is 
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very largely a matter of these added vibrations ■which 
are evoked by the simple process of bowing the strings ; 
or in the case of the human voice, the possessor of a 
voice hlie Caruso’s is distinguished not by any special 
quahty of vocal cords, but by an abundance of 'vibra¬ 
tions added to any note that is sung. These additional 
vibrations are called overtones, or harmonics. They 
can be studied very conveniently by stretching a metal 
wire between two points on a sounding board, a device 
kno’wn as a monochord. If a tuning fork in ■vibration 
is held -with its stem on the sounding board, the wire is 
thro'wn into 'vibration if the force stretching the wire is 
adjusted to make the ■wire in tune vsdth the fork. If a 
small paper stirrup is placed at the mid-point of the 
wire, the ■vibrations may be strong enough to jerk it off. 
When this happens, the stretched ■wire ■vibrates to and 
fro most strongly at the middle (anti-node) and not at 
all at the ends (the nodes) where the wire is clamped; 
it is then said to be giving its fundamental note. But 
the wire is at the same time gi'ving overtones, and this 
may be shown by clamping the wire at its middle point, 
keeping aU the other conditions the same. If the tuning 
fork is now held once again on the sounding board, 
it is found to throw the two segments of the ■wire into 
vibration ■with double the frequency of itself; this can 
be proved by putting the paper rider on to the middle of 
one of the segments and seeing that it vibrates ; a further 
test shows that the note given out by each segment is in 
tune 'with a tuning fork of t'wice the frequency of the 
original one gi'ving the fundamental note. Again, if 
the stretched wire is spHt up into three segments, each 
one of them will be found to ■vibrate when the original 
tunmg fork is placed on the sounding board, and this 
time the pitch ■wUl be three times that of the funda¬ 
mental note, and so on for higher frequencies. When 
the wire is vibrating freely ■without any constraints, 
aU these overtones may accompany the fundamental 
note. 

Experimentally it is found that the frequency of 
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vibration n of a stretched wire can be expressed as 
follows:— 



where I is the length of the wire, F the stretchmg force, 
and m the mass per unit length of the wire. _ 

A wire, 50 cm. long and weighing -5 grm., t'.e., -01 grm. 
per cm., stretched by a force of 1,000,000 dynes, would 
have a frequency or pitch of 100. The note c' of a 
piano has a frequency of 266. Provided a monochord 
can be tuned accurately to a tuning fork, it gives a means 
of findin g the frequency of the latter. 

A more direct way, which also depends on tuning, is 
by using a shen which is made to sound in tune with 
the fork. The siren consists of a metal box fitted with 
a hd having a number of fine holes drilled in its peri¬ 
phery ; a metal disc with similar holes in it sits on the 
hd of the box and is spun by means of air pressure ; the 
jets of air in rapid succession produce a note which 
can be adjusted to be in tune with the fork. A counting 
mechanism on the disc gives the frequency of the note. 

A second method, laiown as the falling plate method, 
may be used ; in this case a light pointer is fixed to one 
prong of the tuning fork and adjusted so as just to touch 
a smoked glass plate held vertically by cotton threads, 
and in such a way that the lateral vibrations of the fork 
register horizontally on the plate. When accurately 
adjusted, the fork is set vibrating and the cotton 
suspension is burnt; the plate falls with gravitational 
acceleration and the to and fro motion of the prong is 
scratched on the plate as a wavy line. From such 
records the frequency of the fork can be found. 

If two forks having very similar frequencies are 
sounded, beats are heard and the number of beats is 
equal to the difference in the frequencies. If they are 
frequent enough, the beats are not unpleasant, but when 
amounting to about 12 or 14 per sec. they give a very 
unpleasant sound; two forks exactly in tune can be 
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made to give 4 or 5 beats per sec. by sticking a little 
wax on the end of one of the prongs of the forks. 

The Doppler Effect. —^If a vibrating body moves 
towards or away from an observer, the note it emits 
appears to be altered in pitch. A familiar example of 
this is given by the whistle of an engine which, approach¬ 
ing one at high speed, gives out a note which is shriller 
than the actual frequency of the whistle; the pitch 
drops suddenly as the engine passes the observer. 

If 0 be the observer and C the source of sound 
having a frequency n and a velocity v towards 0, then 
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it will be seen from Fig. 83 that the effect of this motion 
is to crowd the vibrations up in front of the moving 
source and thin them out behind it, so that there is an 
apparent shortening of the wave-length of the disturb¬ 
ances reaching 0 in the proportion where V 

is the velocity of the sound in air. 

The effect on the frequency n is to increase it in 

the ratio ni ^ 


y-v)' 

If the real frequency of the whistle of an engine 
going at 60 m.p.h. is 1,000, the apparent frequency to 
an observer in the line of travel would be 

V 


n =n. 


1000x1080 
'V-v ’ 1080-88 ^ 


■1089. 
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The Doppler principle is an important one and has 
applications in optics as well as in sound. 

Resonance.— A column of air enclosed in a glass 
tube or metal pipe, as in Fig. 84, can be made to resonate 
to a vibrating body, such as a tuning fork, held near 
to it, in a very definite manner. 

Suppose that the prong A of a tuning fork moves 
downwards; this will cause a wave of compression to 
go down the tube which will be reflected from the water 
interface. If by the time this reflection reaches the open 
end, the prong A just begins to move 
in an upward direction, a wave of 
rarefication moves down the tube, and 
this is reflected as before, and reaches 
the open end just as the prong A is 
ready to move downward once' more 
and the cycle of operations is repeated 
again. In this way what are known 
as stationary vibrations are set up in 
the resonance tube, and if the length 
of the air column has been carefully 
adjusted to the frequency of the fork, 
a considerable reinforcement of the note 
is heard when the fork is held over the 
Eig. 84. mouth of the tube. The velocity of a 
disturbance lilce sound is given by 
multiplying the frequency of the vibrating medium into 
the wave-length of the disturbance. This amounts 
almost to a hypothesis, and is also made use of in the 
transmission of waves, such as those over water or 
through the crust of the earth. Hence, if V is the 
velocity, n the frequency, and A the wave-length of the 
disturbance, V = nX. 

In Fig. 85 the wave-length is represented as the 
distance from one wave-crest to another; equally well 
it is the distance from one hollow to the next. 

In^ the resonance tube described, the length of the 
tube is one quarter the wave-length of the vibration, 
so that if the frequency of the fork is known, the 
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experiment provides an easy way of finding the velocity 
of sound, for if I is the length of the tube, we may 
write— 

V=w.A,=4nL 

It is found that shghtly different results are got by 



using tubes of different diameters, and the effective 
vibratory length of the resonance tube is I +-dr, where 
r is the radius of the tube. 

In an exactly analogous way to a vibrating wh’e, such a 
resonance tube can give overtones, and the simplest over- 
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tones of a closed pipe will be as shown in Figs. 86 and 87. 
If the pipe is open at both ends, it may stiH be thrown into 
resonance; and when giving its fundamental note, there 
will be an anti-node at each end (Fig. 88), for the air is 
equally free to vibrate at either end; in this case the 
node will be at the middle of the tube. The first over¬ 
tone will be as shown in Fig. 89. If I be the length of 
the open tube, then for the fundamental note 1 = JA, where 
A is the wave-length of the sound. For the first overtone 
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it win be seen that I = A, and so on. It is not an easy 
matter to determine the length of these vibrating columns 
of air giving the best conditions of resonance, so that 
even if the frequency of the fork be laiown exactly, it 
is not possible to get very accurate values for the velocity 
of sound. This can, however, be done by observations 
out of doors, and measurements have been made by 
Colladon and Sturm of the velocity of sound through 
air and water. These were carried out on Lake Geneva 
by observers in boats about 8 miles apart. A gun 
was fired from one of the boats, and the observers in the 
other noted the interval between seeing the flash and 
hearing the sound. A bell was made to sound under 
water by a mechanism attached to the gun, and the 
sound waves travelling through the water were picked 
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up by the observers by means of a trumpet-shaped 
receiver let down into the water over the side of 
the boat. These observations showed that sound 
travels much quicker through water than through 
air. The speed in air at 0° C. is 332 metres per 
sec., and through water it is about 1,430 metres 
per sec. 

A very convenient method for comparing the velocity 
of sound in sohds and in air has been devised by Kundt. 
The solid in the form of a rod is clamped in the middle, 
as in Fig. 90, and one end fits loosely into the open end 
of a glass tube, the other end of which is closed. The 
tube is thoroughly dried and a small quantity of lyco¬ 
podium powder put into it, so that it forms a thin layer 
down the length of the tube. When the rod is stroked 
along its length with a resined duster, it is thrown into 
longitudinal vibration, and its fundamental note will 
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be given when the middle of it is a node and the two ends 
anti-nodes; the vibrating rod throws the ■ air into 
vibration by resonance, and the fine powder particles are 
heaped up at certain places (anti-nodes) along the tube. 
When the rod is sounded, the dust particles may be 
.seen to be thrown into violent motion, and the middle 
of the vibrating parts may be taken as the anti-nodes ; 
the distance between the anti-nodes is one-half the 
wave-length of the sound in ah, and the length of the 
rod is half the wave-length of the sound in the rod for a 
note of the same frequency. 

. Velocity of sound in air Distance betweenanti-nodesinair 

Velocity of sound in rod Length of rod 

Tlae velocity of sound in ah depends upon the 
temperature but not upon the pressm'e. 

It can be proved from first principles that the velocity 
of sound in air is given by the expression 



where y is the ratio of the specific heats of air {vide p. 89), 
P is the pressure, and D the density. If the temperature 
is kept constant and the pressxire increased or decreased, 
the density will increase or decrease to an exactly similar 
extent (Boyle’s law); but if the temperature is changed, 
then a change in density may occur without any change 
in the pressure. Hence the temperature wiU have an 
effect on the speed of sound. 

If Vo is the velocity of sound in ah at 0° C. and Do 
the density at this temperature, Vt the velocity and 
Dt the density at any other temperature t ; then :— 
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But by Charles’s law— 

M 

Do =Mass per tmit volume at 0°= - 

Vo 

and Vt=Vo(] +at), 

where a=coefficient of expansion of the gas. 

. D = _ToDo 

■■ * Vo(l+a«) l+at T ■ 

Hence 



i.e., the velocity of propagation at any temperature t 
is to the velocity at 0° as the square root of the ratio of 
their absolute temperatures. 



CHAPTER V 

ELECTRO-STATICS 

The study of electricity^ began with the discovery of 
the fact that, when certain things like amber are rubbed 
with silk, they have the power of attracting very light 
bodies to them. This property of amber was known as 
long ago as 600 b.c., but little interest was taken in the 
phenomenon till Dr Gilbert, physician to Queen 
Ehzabeth, studied it m greater detail. He classed 
electricities as being either vitreous or resinous, and 
invented the name electrification to denote this particular 
state of such bodies. 

A few experiments with very light objects such as 
two pith balls suspended by long sihc fibres are enough 
to show that, when the two pith balls are touched with 
a glass rod which has been stroked with a piece of sUk, 
they repel each other, and that they also do so when 
touched with an ebonite rod which has been rubbed with 
fur; but if one pith ball be charged by the glass rod 
and the other pith ball by the ebonite, then they attract 
each other. From this it is inferred that there are two 
different kinds of electrification; one is called positive and 
the other negative. If the glass rod and the piece of 
silk are tested separately, they are found to exhibit 
positive and negative electrification respectively; so 
that by the simple act of rubbing the glass with the 
silk, these two lands of electricity are separated out on 
their surfaces. If we take a metal rod and try to do the 
same thing, no charge will be found on the rod; but 
if such a rod be mounted on a glass handle, then a 
charge can be developed on it by friction with a piece 
of sxlk. In the first instance, the charge is no doubt 
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produced, but it is conducted away through the body of 
the performer to the earth and is so lost. This leads 
to the further classification of bodies as either con¬ 
ductors or insulators. All metals from this point of 
view would be called good conductors, while things like 
amber, sulphur, ebonite, sealing wax are good insulators. 
Things hke marble, wood, or paper are neither good 
conductors nor good insulators. 

Coulomb tried to find quantitatively how electrical 
charges attract or repel one another, and in this he 
succeeded in formulating the law which is often known 
as Coulomb’s Law. He found that the force of attraction 
between two opposite charges Q and Q', separated a 
distance d from one another, depended directly on the 
product of their charges and inversely as the square of 
the distance d. This may be written 

It is a remarkable fact that Coulomb discovered this 
law, because the torsion balance which he used is not 
really accurate enough to establish the matter exactly, yet 
Coulomb got the correct result. In practice, electrical 
charges cannot conveniently be collected and used at 
points, but it is found that if we have a small insulated 
metal sphere and give it a charge, although this spreads 
itself uiiiformly over the surface, it behaves towards any 
charge outside it as if it were concentrated at the centre 
of the sphere, so that when two charged spheres attract 
or repel each other, the effective distance between them 
is the distance between their centres. Coulomb found 
that exactly the same law held for repulsion as for attrac¬ 
tion between electrical charges. 

The expression F=^^ gives us a simple means of 

defining a unit charge. If two equal and similar charges 
—^when held 1 cm. apart—^repel each other with unit 
force, i.e., 1 dyne, then each charge is said to be a unit 
charge of electricity. If two equal and similar charges. 
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1 cm. apart, repelled each other with a force of 100 
dynes, then the value of each charge would be 10 units, 
and so on. 

About fifty years after Coulomb’s work, Michael 
Faraday began a series of experimental researches on 
electricity which proved to be of epoch-making im¬ 
portance. Faraday, in his study of electro-statics, was 
anxious to find some rational explanation of the attrac¬ 
tions and repulsions of electrified bodies; for this 
purpose he supposed that the real seat of action was 



not so much on the surfaces of the charged bodies as 
in the medium surrounding them. This medimn he 
called the electrical field and supposed that it was 
traversed by tubes of electrical force, sometimes referred 
to as lines of force. He looked upon a positively charged 
body simply as the starting point of these tubes of 
force, and a negatively charged body as the place whc e 
they ended. In order to give a rational explanation 
of the electrical phenomena known to him, Faraday 
endowed these tubes of force with two properties; he 
supposed that they tend to contract along their length, 
so that they always get as short as possible and that 
they tend to repel each other laterally. 

An insulated sphere, having a positive charge, is 


■f 

1 
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pictured as having one end of the tubes of force attached 
to it, the other ends reaching out indefinitely intc 
space. The bigger the charge, the more numerous the 
tubes of force. If two insulated spheres are given equal 
and opposite charges, their mutual^ attraction is or 
these views explained by the contractile property of th( 



tubes, for instead of the tubes of force from the positiveb 
charged body spreading out into space, they tend to g( 
to the negatively charged body and are only stoppec 
from all crowding along the shortest path between tb 
two, because of the lateral repulsion which the tube 
suffer. So that the tubes of force get bowed out as u 
Fig. 91, always leaving the surface of the conductor a 
right angles to it. 

A similar kind of explanation can be invoked in th 
case of the repulsion of similarly charged bodies. Her 
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tlie tubes of force issuing from one of the bodies cannot 
end on tbe other, and an asymmetry of the tubes as 
shown in Fig. 93 will give the effect of repulsion between 
two bodies similarly charged with electricity. This 
conception of Faraday’s has been found very valuable, 
and no better explanation has yet been given of these 
fundamental phenomena. 

Faraday showed that the force between two charged 
bodies is modified by changing the medium between 
them; in fact, it was this discovery that le'd him to 
suggest that the real seat of electrical action was hi 
the space surrounding the charges. 

The biggest force between two charges, a definite 
distance apart, is given when they are in a vacuum; 
the effect of material media is always to lessen the 
force, just as optically the effect of any medium is always 
to make light travel more slowly through it than through 
a vacuum. Media differ enormously in their power of 
diminishing the force acting along the Faraday tubes; 
ah’ makes very little difference, whereas pure water 
diminishes it as much as eighty times. Faraday 
measured this effect for a number of substances, and 
suggested the term specific inductive capacity to 
denote how much the contractile force along the tubes 
of force, is diminished. Some of these values are given 
in Table 6. The term dielectric constant is sometimes 
used for this quantity, but it is better to use the term 
that Faraday suggested. 

Owing to the influence of the medium. Coulomb’s law 
should be written :— 

TT-1 9^ 

where K is the speciflc inductive capacity of the medium. 
Faraday not only showed that the action of material 
media was to alter profoundly the force acting in the 
regions permeated by tubes of force, but by a series of 
experimental researches he found that an electrically 
charged body has the power of inducing a charge of 
opposite sign on a neighbouring body. This can be 
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shown very simply by means of a gold leaf electroscope 
no metal can be rolled into such thin sheets as gol 
and if two strips of gold leaf are hung close to o: 
another from a vertical brass rod, they are very sensiti 
to electrical charges ; if the leaves are given simil 
charges, they are so light that the electrical force 
repulsion is able to make the leaves diverge, and t’ 
extent of this divergence can be measured with weU-mai 
instruments and made to serve as an indicator of ti 
electrical charge given to the leaves. 


Table 6 


Substance. 

Value of Specific In¬ 
ductive Capacity. 

Air .... 

! 

1-00058 

Water 

80 

Paraffin 

2 to 2-3 

Ebonite 

2-8 

Snlphnr 

3-6 to 4-3 

Mica . . . .1 6-7 to 7-0 


Suppose that an ebonite rod charged negatively I 
friction is held over the top of an electroscope, such ; 
that shown in Fig. 93. The tubes of force ending ( 
the top plate of the electroscope will be positive, ai 
this positive charge is thought of as being held by tl 
■inducing positive charge; the leaves diverge with neg 
tiye electricity, the positive ends of the tubes of fori 
being on the inside of the instrument. This negatr 
charge is to be looked upon as a free charge, and if tl 
underside of the top plate be touched with the finge 
the charge readily vanishes to earth, the gold leav 
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coUapsing; the positive charge remams held by the 
negative charge on the rod, hut if the rod is taken 
away, the positive charge becomes free and the leaves 
will diverge once more, this time with positive electricity. 
The experiment may be varied in many ways, and 
Faraday showed that a charge of electricity was capable 
not only of inducing an opposite charge on neighbouring 
bodies, but that the amount of this induced charge is 
exactly equal to the inducing charge. If all the tubes 
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of force from the charged body end on a single other body, 
this body will receive the whole of the induced charge. 
Faraday gave the name electro-static induction to 

this phenomenon. . ■ 

The electrical potential at any point in an electrical 
field is the amount of work which would have to be 
done in order to bring a unit positive charge up from 
infinity to the point in question. It can be proved that, 
if a positive charge Q be at a point, then in order to 
bring a unit positive charge up from infinity to within 

a distance of it, the work done is to within a 
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distance do it would be and so on. Hence the 


d 


would be a difference of electrical potential between the 
two points, amounting to ^ and it is this differen 

d-t tt’o 


which determines which way positive electricity w 
move if nothing else is hindering it. 

The proof of the above result is as follows :— 

Let A and B be two points distant a and h from 
positive charge Q. The force on unit charge at A 

^ and at B is Let points Ai, Ag, A 3 in between 


and B be at distances a^, a^, from Q. The wo: 
done in moving unit charge from A to Aj is the avera 
force operating over this distance multiplied by t 


distance: the force at A is that at A, is and t 
’ a?' ay 


average force is so that the work done in goii 

OjCL-^ 


from A to Ai is — (^i - a) = ^ - 

aay a % 

Similarly for the next step, the work done in movi 
the unit charge from Ai to Ag wiU be given by ~ * 

O/x ( 

and for the next step it will be ~ and so on. T 

total work done by the electrical forces in moving ur 
charge from A to B will be the sum of all these quantitie 
on adding these up it will be found that all intermedia 

quantities cancel, leaving ^ - 9 . 

a 0 

A point is said to be at a higher electrical potenti 
than another if positive electricity tends naturally 
travel from it to the other point. 

Unit difference of potential exists between t\ 
points if unit amount of work {i.e., 1 erg) is done 
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taking a unit positive cliarge from one point to the 
other. 

Suppose that a nxmiber of metal spheres of radii 
1, 3, 3, and 4 cm. are fixed in insulating stands and 
then aU given exactly the same charge of positive 
electricity. This charge will spread uniformly over each 
of the spheres, but it will be found that the electrical 
potential of these fom’ spheres will be in the ratio of 
4, 3, 2, 1, i.e., inversely as then’ radii, for the smallest 
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sphere is raised to the highest potential. From this 
simple type of experiment and many others, it has been 
found that the electrical potential acquired by a body 
when it is given a charge depends upon some quantity 
called the “ electrical capacity ” of the body. This 
capacity depends very largely on the geometry of the 
body; for instance, for a sphere it is proportional to 
its radius; a sphere of 1 cm. radius is said to have 
uni t, capacity, one of 10 cm. radius has 10 units of 
capacity, and so on. It will be noticed that the electrical 
capacity is not proportional to the volume of the body, 
for the volumes of these two spheres are m the ratio of 
1 to 1,000. If one sphere of radius a (Fig. 94) be 
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sm’roimded by a hollow one of radius b, then the elec- 

trical capacity of the two together is ^. The proof 

of this need not be gone into here, but it should be 
noticed that, if the gap between the spheres is made 

very small, then becomes very large, although 

neither a nor b is large; in other words, a very large 
electrical capacity can be got within a comparatively 
small volume. The name condenser is often applied 
to an electrical capacity, and one of the most usual 
forms of condenser is known as the parallel plate 
condenser. In its siniplest form this consists of two 
parallel plates of metal kept apart by some insulating 
material, such as glass, sohd paraffin, or mica. If K 
is the specific inductive capacity of the insulating 
medium, A the area of the plates and d the distance 
they are apart, the electrical capacity of such a con- 
KA 


denser is 


477 ^ 


If K = 3, A the area of either plate = 1 sq. metre, 
d = l mm., then the electrical capacity will be 


3x10^ 
inx •! cm 


= 3400 cm. 


In order to get such a capacity by using a single sphere, 
we should have to have one of 84 metres radius, obviously 
a very iaconvenient size. In fact, a single parallel plate 
condenser with plates as large as a square metre would 
be unnecessarily spread out, for exactly the same result 
could be got by having a number of smaller plates 
coupled up alternately to positive and negative terminals. 
This is, in fact, the usual form condensers take. Thin 
layers of tin or lead foil separated by sheets of paper 
soaked in paraffin wax make very useful condensers, 
and relatively enormous capacities can be got by this 
means into a very small compass. 

If Q be the electrical charge given to a capacity C, 
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then the electrical potential V to which it is raised whl 
be given by the simple relation, 

c* 

This may, of course, also be written 
C=^; or, Q=Va 

An electrical system has unit capacity if unit charge 
given to it raises its potential by unity. 

The imit charge, unit difference of potential, and 
unit capacity which have been defined are found in 
practice to be very inconvenient units, so other units 
called practical units have been set up for this purpose. 
These units have all been named after scientists who 
have made an important contribution to the advance¬ 
ment of knowledge in electricity or magnetism. The 
three practical units of charge, difference of potential 
and capacity are called the coulomb, the volt (volta), 
and the farad (faraday), and the relation that they 
bear to the theoretical umts may be seen from the 
data in Table 7:— 


Table 7 


1 

i 

Practical Units. 

Theoretical C.G.S. 
Electro-static Units. 

Electrical cEarge . 

1 conlonib = 


Difference of potential . 

1 volt = 

10®-rV 

' Electrical capacity 

I 

1 

1 Earad = 

10-9^2 


V is the speed of light, viz., 3 x K)!® cm. per sec. 


The theoretical units which have so far been men¬ 
tioned are known as C.G.S. electro-static units, because 
they have been estabhshed on the basis of centmaetre, 
gram, second units from an electro-static point of 
It wiU be seen later on, that other theoretical units of 
these same three quantities, viz., charge, potential 
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difference, and capacity, have been established also on 
the basis of C.G.S. units, but from an electro-magnetic 
point of view. These different units often constitute 
a real difficulty for those beginning the study of 
electricity, but the solution of a few numerical problems 
and some practical experience with electrical quantities 
soon reconcile one to their use. 

The practical units were decided upon by a Committee 
of the British Association in 1874. Copies of the 
standards then set up are available all over the world. 

In practice, the electrical charge on a body is very 
rarely measmed directly, for it is found more convenient 
to measure the other two quantities V and C, the product 
of which will give Q. 

The practical unit of difference of potential is 1 volt, 
and instruments designed to measure volts are called 
voltmeters. These take a variety of forms, some of 
which will be met later on in current electricity; but 
an electro-static voltmeter is one which, when in action, 
does not aUow a current of electricity to pass through it. 
A good type of voltmeter is shown in Fig. 95. A set 
of movable vanes is mounted on a vertical spindle so 
as to engage with another set of fixed vanes ; if the two 
sets of vanes are given opposite charges, the movable 
ones are attracted into the gaps between the others; 
the extent of this movement is controlled by a spring 
attached to the vertical spindle. The volts are read 
directly from the deflection of an iudicator (also attached 
to the vertical spindle) over a cahbrated scale; instru¬ 
ments of this sort are very useful for measuring voltages 
varying from about 50 to 50,000 volts, but are unsuitable 
for lower voltages. 

Lord Kelvm invented the quadrant electrometer, 
which consists of a flat metal needle of rather big area 
suspended in a shallow box split up into four insulated 
quadrants, the opposite quadrants being connected 
together electric^y, as shown in Fig. 96. If the needle 
be given a positive charge and suspended symmetrically 
between the quadrants, then it will move into the set 
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of quadrants wHch. is charged negatively. With a very 
light needle and a fine suspension of quartz, there is 
little difiiculty in measuring as little as of a volt 
difference of potential. Any very small movement of 
the needle is shown by Kelvin’s device of mounting a 
very small nmror on the vertical support of the needle. 
A beam of light is directed on to this and the reflected 
beam forms an image on a distant scale. If the needle 
moves, the mirror goes with it and the “ spot of light ” 
moves over the scale. Once the scale is cahbrated, the 
voltage corresponding to any deflection is read off. 



Pig. 95. 



The design of quadrant electrometers has been very 
much perfected in recent years, and they are now largely 
used for very dehcate measurements. 

The measurement of an electrical capacity is nearly 
always made by comparing the unknown capacity with 
a standard one. If both of them are charged up to the 
same difference of potential, then they will have charges 
on them directly proportional to their capacities. It is, 
however, very inconvenient to measm’e electro-static 
charges unless they are set into motion and produce 
electrical currents; so this is what is generally done, 
and by measuring the currents which the two capacities 
give when discharged through an instrument called a 
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ballistic galvanometer, the two capacities can be com¬ 
pared in a very simple and direct way. 

Capacities in Parallel or Series. —Suppose that 
we have three condensers of capacity, Ci, Cj, and C 3 . If 
they are connected as in Fig. 97, so that they all have 
a common positive and negative boundary, they are 
said to be connected in parallel. 

If V = Vi - Va, i.e., the common difference of potential, 
then the charges on the condensers will be CiV, CgV, 
C3V. It is obvious that these three condensers could 


V; 



be replaced by a single one of suitable capacity. Let its 
capacity be C, then if this were joined up in the circuit 
replacing the others, it would have a charge CV. This 
charge must be the same as the total charge of the 
individual condensers which it is displacing. Hence, 

0V=CiV + C3V + O3V; 
or, 0=0^+02 + 03. 

Hence the capacity of any number of condensers joined 
in parallel is equal’to the sum of the individual capacities. 

Suppose now that they are joined in series, as shown 
in Fig. 98. In this case, although the condensers are 
ah. of different capacity, they get the same charge; 
this may most easily be seen by tliinking of Faraday’s 
tubes as sti’etching from the top plate to the bottom and 
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being intersected by the other suiiaces; whatever these 
may do to the tubes of force, they cannot alter their 
number, so that the charge on each surface is the same 
numerically. Hence if this charge is Q, 

Q=Ci(Vi - V,) =C,(V, - V 3 ) =C3(V3 - Vd =C(Vi - Vd, 



where C is the equivalent capacity of the arrangement, 
or. 


V3 





C,' 


• V-Vd=—+ *^ + — =^- 

.. Vl \i + + C 


. 1 = 1 + 1+i 

••C Ci Cg Cg‘ 

The effect of arranging capacities in series, therefore, is 
to decrease the whole capacity; it is often done, how¬ 
ever, in order to spht up the voltage in a circmt. 

When a condenser is connected to some som’ce 01 
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potential difference, it acquires a charge proportional to 
its capacity and to the potential difference. If it is 
disconnected from the source, it retains its charge 
indefinitely if the insulation conditions are good. Sup¬ 
pose that, when it is insulated and holding a charge, 
the positive and negative ternainals are connected; the 
condenser is in this way discharged, but it has been found 
that the discharge of a condenser may be rather a 
comphcated event, the charge sometimes oscillating 
between the two boundaries of the condenser. Such a 
discharge is in fact called an oscillating discharge, 
but these oscillations occur so rapidly that, to the 
naked eye, the discharge appears to be an instantaneous 
process. 

If a condenser of 1 microfarad capacity be charged 
by a source of 100 volts potential difference, the charge 
on it will be given by 

Q = VC=100 X 10~® coulombs = 100 micro-coulombs. 

If it were short circuited by a thick copper wire bent 
into a circle of about 1 ft. radius, the charge would 
oscillate between the boimdaries of the condenser at a rate 
of about 100,000 times per sec. 

There are several ways in which the rate of oscillation 
can be varied, and it is possible by having enough 
resistance in circuit to arrange that a condenser dis¬ 
charges without any oscillations at aU. 

Electeo-STATIC MACHINES.— ^The development of 
electrical charges by friction led to the invention of 
machines by which this could be done rapidly, and by 
storing such charges considerable differences of potential 
coidd be obtained. These machines were used somewhat 
largely in medicine at a time when electricity was a 
rather unknown quantity and such machines were, it 
must be owned, often used because of their psychological 
rather than their physiological effects. An excellent 
account of these early friction and influence mac h ines is 
given by Colwell in his “ Essay on the History of Electro¬ 
therapy and Diagnosis,” 1932. 
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At the present day they are very rarely used, as they 
have been very largely superseded by much more rehahle 
instruments. The only one that need perhaps be men¬ 
tioned here is Wimshuxst’s influence machine, a working 
model of which is still to be found in most physical 
laboratories ; but a detailed description of it is omitted 
here, as it is thought that no purpose is served by the 
student acquiring details of a machine he is unlikely 
to come across, because more efficient appliances are 
now used. 



CHAPTER VI 


MAGNETISM 

The word raagnetism is derived from Magnesia in Asia 
Minor, where naturally-occurring minerals have long 
been known which possess a very curious property. 
They are said to be magnetic, and lumps of this mineral 
have the property that, when they are hung up so that 
they can turn freely about a horizontal axis, they tend 
to ton in a certain direction; on this account they were 
known as lode stones or leading stones. This property 
seems to have been known for many centuries, and the 
Chinese are credited with using such lode stones in 
navigation, the modern equivalent being the navigator’s 
compass. 

The main constituent of these lode stones is iron, 
and although many other substances can be shown to 
have magnetic properties, iron (and steel, which is 
mainly iron) stands in a class by itself as being much 
more magnetic than any other substance known. 

A magnetic substance, therefore, is one which itself 
exhibits magnetism or is susceptible to magnetic forces. 

A magnet is a body which shows its magnetism in 
certain well-defined ways. An ordinary bar magnet has 
two regions called its poles where its magnetism is 
particularly displayed, and the space around the magnet 
may be shown to be permeated by a magnetic field. 
William Gilbert, at one time physician to Queen 
Elizabeth, discovered that the earth behaves as if it 
were a magnet. There is a region called the north mag¬ 
netic pole and another region called the south magnetic 
pole. These poles do not coincide with the north and 
south geographical poles; in fact, the magnetic poles 
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are not absolutely fixed in position, as will be explained 
in more detail later. 

The two poles of a bar magnet are regions nearly, 
though not quite, at the ends of the magnet, and they 
are called north and south poles, the north being the 
pole which tends to point towards the north magnetic 
pole of the earth. Since it is found by experiment that 
the north pole of one bar magnet repels the north of 
another bar magnet, it would be more correct to call the 
pole of a magnet which is attracted to the north pole 
of the earth a south pole; it is sometimes called the 
north-seeldng pole, and perhaps contraction of this term 
accounts for its beiug called a north pole. 

Similar poles repel and, unlike poles, attract each 
other. By taking a long knitting needle and magnetis- 
iirg it, the two poles can be separated a considerable 
distance from one another, and Coulomb devised an 
experiment by which he could measure the force of 
attraction and repulsion between magnetic poles. He 
found that it varied directly as the strength of the 
poles and inversely as the square of the distance separat¬ 
ing them. If m and are the strengths of two poles 
and d the distance separating them, then the force may 

be expressed as F = The force is, however, found 

to depend upon the nature of the medium between the 
poles in very much the same way as the force between 
two electrical charges varies according to the medium 
in which the charges are placed. In tlxe magnetic case 
this quantity is called the magnetic permeabdity /i, 
and Coulomb’s law is then written 

Ti, mm^ 

If Coulomb’s experiment is done in air, no appreciable 
error is made by putting ^a = 1. A unit magnetic pole 
may be defined as that pole which, when placed 1 cm. 
away from another similar pole, repels it with unit 
force, i.e., 1 dyne. A north pole of 10 units strength is 
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one which would repel a unit north pole placed 1 cm. 
away from it with a force of 10 dynes, and so on. 

Although iron is the chief magnetic substance in the 
earth, it is found that very few substances exist which 
are uninfluenced by magnetic forces. Substances are 
classified as paramagnetic and diamagnetic, according 
to whether magnetic hnes of force tend to go through 
them more readily than through the air; or, on the 
other hand, whether the lines tend rather to avoid the 
medium. An outstanding example of a diamagnetic 
body is bismuth, but this property is not shown anything 
like as strongly m bismuth as paramagnetism is in iron 
or steel. 

The phenomenon of magnetic induction is analogous 
to that of electro-static induction and can be shown in 
many ways. 

An ordinary bar magnet will attract to itself ordinary 
iron nails which are magnetic though not necessarily 
magnets. The north pole of the magnet induces a south 
pole on the part of the nail nearest to it and a north pole 
appears at the part most remote, so that temporarily 
the nail becomes a small magnet. The south pole 
induced upon it is attracted to the pole of the magnet 
inducing it, and this force may be big enough to support 
the weight of the nail. If the magnet is strongly 
magnetised, it will support a long chain of nails. If 
the nails are shaken off, they are found to be magnets 
no longer. It is, in fact, very difficult to keep ordinary 
soft iron, though very magnetic, a permanent magnet, 
whereas steel magnets may retain their magnetism for 
years. A bar of steel may be made into a magnet by 
means of another magnet by the method of “ stroking,” 
but it is not usual to do it this way, as it can be done 
much more conveniently by means of electrical currents ; 
how this is done will be considered in the section devoted 
to current electricity. 

In Fig. 99, if 21 is the distance separating the poles 
of a bar magnet and m the strength of these poles, 
then %ml is called the magnetic moment of the magnet 
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and is written M. It is obvious that two magnets may 
have the same magnetic moment, yet different pole 
strengths; or, on the other hand, different magnetic 
moments though of similar pole strengths. 


It 

Eig. 99. 


The magnetic field around a bar magnet can be 
mapped in a very simple way by putting the magnet on 
a table, laying a sheet of smooth paper on it and sprink¬ 
ling iron filings over the paper; when the paper , is gently 



Fig. 100. 


tapped, the filings are seen to take up definite positions 
owing to the fact that they behave like little magnets 
and tend to set in the direction of the magnetic field. 
The distribution of the magnetic field surrounding 
ordinary magnets is seen in Figs. 100 to 102. Fig. 100 
is an actual photograph of iron filings sprinkled round 
an ordinary bar magnet; they assume the direction 


II 
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of the magnetic field. Fig. 101 represents in tlie same 
way the magnetic field between two unlike poles and 
Fig. 102 the field between two similar poles. ' 
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The intensity of a magnetic field is measured by the 
force experienced by a unit magnetic pole when it is 
put in the field. If the force on the unit magnetic pole 
is a dyne, the magnetic field at that point is said to 
have unit intensity, and this is called a gauss, i.e., 1 dyne 
per unit pole. If a pole of 10 units pole strength is put 
at the same point, the mechanical force on it will be 
10 dynes. 

It is important to be able to find the way in which 
the magnetic force due to a bar magnet varies along its 
axes. The two positions generally chosen are called 
the end-on and the broadside positions. 

End-on Position.— ^Let P in Fig. 103 be any point 


S o' 

M 



I'v""'",:,, 

: -.i- 

n\. 

! ^ 


Fig. 103. 


on the axis of a bar magnet of pole strength m, and 
let %l be the distance between its n and s poles and d 
the distance of P from the centre of the magnet. Then 
the force on a unit north pole placed at P mil be one of 
repulsion due to N and of attraction due to S. The 
resultant force will be 

m _ m _ imdl 

(TOP “ {d^-Py 


If d is large compared with I, P may be neglected com¬ 
pared with dS so the resultant force 


T 3 , iml 2M , ,, nl 


Hence the force along the axis varies very rapidly as the 
distance from the centre of the. magnet is increased. 

Beoadside Position. —^Let P in Fig. 104 be any 
point distant d from the centre of the same bar magnet. 
A unit north pole put at P wfil be repelled by the north 
pole of the magnet with a force F^ and attracted by 
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the south pole with a force F^. These forces are equal 
because the two poles of the magnet are of equal strength 
and they are equidistant from P. Their resultant will 
be given by F obtained by completing the parallelogram 
of which Fi and F, form the two adjacent sides. The 


p. 



Fia. 104. 


numerical value of F is given by adding the two hori- 
zontal components of Fi and Fg together. 


Fa sin FaX Fi=Fa = 


'^d^ + P' 


d^ + P' 


{d^ + Pf'^' 

As before, if d is large compared with I, P may bi 
neglected compared with d®. 

T, 2wi? M 
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Comparing this with the previous expression, it will 
be seen that, provided the distance from the magnet 
is large compared with the length of the magnet, the 
force at right angles to the magnet is just one-hah of 
what it is at an equal distance along the long axis ; the 
force still varies, however, as the inverse cube of the 
distance from the centre of the magnet. 

The Magnetometer.— small magnetic needle 
pivoted so that it is free to move horizontally, takes 
up a definite position owing to the action of the earth’s 
magnetic field. A vertical plane through the polar 



ITg. 105. 


axis of tliis magnet is called the magnetic meridian. 
If a magnet of moment M is brought near to the needle, 
so that this is in the end-on or broadside position with 
respect to it, it will come under the influence of a 
magnetic field, the value of which has just been deter¬ 
mined. Suppose that the small magnet is in the end-on 
position, the direction of the earth’s horizontal field 
being at right angles to that of the other magnet, as in 
Fig. 105. Under the action of this magnet, the small 
magnetic needle rotates, say, through an angle 6. When 
it is in equilibrium, 

? =tan 6; or, F=H tan 0. 

H 
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But 


tail ft 

In this way a comparison can be made between the 
magnetic moment of any magnet and the strength oi 
the horizontal field of the earth. But this is only a 
ratio and gives no determinable value for either M or H 

Another experiment with the same magnet, however, 
gives additional information, by means of which M and H 
can both be found. 

If the magnet be suspended through its C.G. so thal 
it can oscfilate in a horizontal plane, it is found thal 
the time of oscillation can be expressed by the formula 

Sffl’ 


where M= magnetic moment of the magnet, H=hori 
zontal field of the earth, and I = moment of inertia oi 
the magnet. The moment of inertia of a body dependf 
upon its mass and its geometry with respect to th( 
axis of rotation. For an ordinary bar magnet of mass 
m and semi-axes a and b, it can be calculated from th( 
formula 


Moment of inertia=m 



Rewriting the formula, we have 






It will be seen that one set of observations gives anc 

the other MH, so that combining the two, we may deriv( 
both M and H. These two experiments, therefore, are oi 
fundamental importance ia measurements in magnetism 
The magnetic moments of two magnets may mosi 
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easily be compared by means of the first experiment, 
two sets of observations at the same place (H being 
constant) leading directly to 

Ml _ tan f*! 

Mg tan 0 ^ 

A comparison can be made of the value of H at two 
different places by finding the tune of oscillation of a 
magnet at the two positions. From the formula given, 
it can be deduced that 

Hg Ti^- 

Magnetic sm’veys are made on these lines. 

The magnetism of the earth has been the subject 
of a great deal of experimental study and continues to 
be so, because it is found that the strength and direction 
of the magnetic field of the earth varies considerably 
not only from place to place, but also in the course of 
time. The causes of these irregularities are not com¬ 
pletely known, but the variations are largely due to 
the fact that large masses of magnetic material (mostly 
iron) in the earth are not stationary, and their movements 
in and below the earth’s crust so mter the distribution of 
the magnetic lines of force, that changes in the direction 
and intensity of the earth’s field are always going on. 
Roughly speaking, the earth behaves like a single large 
magnet ■with its north and south poles not far from the 
geographical poles. The angle that a magnetic needle, 
free to move horizontally, makes "with the geographical 
north is called the magnetic declination, and the angle 
it makes ■with the horizontal, if set so that it is free 
to move in a vertical plane, is called the angle of dip. 

The instrument used to find this angle is called the 
dip circle, which consists of a magnet pivoted so that it 
can swing on its short axis in a vertical plane ; a circle 
divided off into angular degrees is mounted beside it 
in a vertical plane also, so that the angle of dip can be 
read from it. In London, the angle of dip is about 67° 
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at the magnetic north it is of course 90°, and at the 
magnetic equator the needle .does not dip at all. 

The study of variations in the apparent magnetism 
of the earth is carried out chiefly in magnetic observa¬ 
tories, but a great deal of work also is done year by year 
in charting the seas, for the variations of the compass 
are vital matters in navigation, 

Moleculae Magnetism,— ^If a bar magnet is broken 
,in two, the two parts are found to behave as separate 
magnets, and if the separate parts are broken again, 
the same thing happens; it is in fact impossible to 
isolate a magnetic pole in this way, and this has led 
to the view that the magnetic property of bodies is 
essentially a molecular property. It is extraordinary 
that one substance, iron, is so much more magnetic 
than any other, but investigation has shown that very 
few substances indeed are indifferent to the action of 
strong magnetic forces, when these are brought to bear 
upon them. As will be explained later, it is possible 
to produce very strong magnetic fields by means of 
electrical currents, and the magnetic field between the 
poles of a strong horse-shoe shaped electro-magnet has 
often been used to test the effect of very strong magnetic 
fields upon substances which were previously thought to 
be non-magnetic. In practically every case it has been 
foimd that there is some action of the kind that would 
happen if there were some, though small, magnetic 
property in the bodies. The question then arises, what 
is the essential difference between an ordinary bar 
magnet and the same piece of iron before it has been 
magnetised? The molecular hypothesis is that the 
molecules of iron are potential magnets, but that in 
the unmagnetised condition of the iron bar, the molecules 
of iron are orientated quite at random. Now the dis¬ 
tribution of the lines of force round the same bar of 
non when magnetised strongly suggests that within the 
non the molecular magnets are arranged in an orderly 
fashion, the north pole of the one facing the south pole 
of the other, along practically the whole length of the 
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magnet, and the act of magnetisation, therefore, in aU 
probability, consists not in actually magnetising the 
molecular magnets, but in getting them to set in this 
sort of way. How it is that this process is so much 
easier in the case of iron than in any other substance is, 
however, very obscure. 




CHAPTER Vll 


CURRENT ELECTRICITY 

It was discovered by Oersted in 1827, that when a 
current of electricity goes along a wire, a magnetic field 
is produced in the space surrounding the wire. He 



proved this by taking a compass needle and fixing a 
wire above the needle so that it lay in the same direction 
as the needle, which, of course, set in the direction of 
the earth’s horizontal magnetic field. When an electric 
current was sent through the Avire, the compass needle 
was deflected ; the stronger the current and the nearer the 
wire was held to the needle, the greater the deflection. 
Wien the current was reversed in direction, the deflec¬ 
tion of the needle was also reversed. Such a discovery 
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gave a great impetus to the study of current electricity, 
and we owe the early developments of the subject largely 
to the French physicist Ampere. 

The magnetic field due to a current going along a 
straight copper wire can be shown by fixing a thick 
copper wire vertically through a piece of smooth white 
cardboard; if iron filings are lightly sprinkled over the 
cardboard, they take up no particular directions, but 
when a fairly large current is sent through the wire and 



the cardboard gently tapped, it will be seen that the 
filings form a series of concentric circles with the wire 
as centre, as in Fig. 106. The experiment can equally 
well be done with a number of small compass needles, 
which set themselves in the direction of the magnetic 
field which springs into being unmediately the current 
is put on. It is found that the strength of the magnetic 
field in such a case, if the wire is a long one, varies 
inversely as the distance from the wire. 

If the wire is bent round into a circle, the magnetic 
field at the centre of the circle due to the current is found 
to be at right angles to the plane of the coil, as in Fig. 107, 
every part of the current contributing to this effect. 
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If r is the radius of the circle, the strength of the magnetic 
field F is found to be directly proportional to the strength 
of the current C and inversely proportional to the radius. 

If there are n windings, each of the same radius, 
then since each of the circular turns contributes to the 
magnetic effect as much as any other, the force becomes 
n times as big. If the factor of proportionality is taken 
as %r, we may write— 

r 

Suppose, now, that a small magnet is suspended at the 
centre of a vertical coil so that it is free to move hori¬ 
zontally, it wiU of course set in the direction of the 
earth’s horizontal field H ; the vertical plane through the 
needle is the magnetic meridian and, if the plane of 
the coil is set so as to coincide with this plane, then when 
a current is sent through the coil, the magnetic field it 
produces acts at right angles to H. The result is that 
the needle is deflected though an angle in a manner 
very similar to what happens in the magnetometer 
experiment. 

Here, again, if 6 is the angle of defliection, we can 
at once say 

==.= tan 6. 

H 

Substituting for F the value above, this may be 
written 

27mC TT . a 

-=H tan d, 

r 

TTr 

or, C = ?r " tan 0. 

ZTm 

This gives a method by which the strength of electric 
currents can be measured, and it is of fundamental 
mportance. Provided H is known, aU that is required 
is accurate measurement of r and the tangent of the 
angle of deflection. An instrument based on these 
principles is called a tangent galvanometer. The latter 
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word is derived from the name of a very early experi¬ 
menter, Galvani, who long before the magnetic effects 
of currents were known, did remarkable work upon the 
physiological actions of electricity. 

Since the magnetic force at the centre of a cfrcular 
coil of wire carrying a current is so simply related to the 
current and to the dimensions of the cod, it provides a 
means of defining a unit current. 

Suppose that a current C is flowing round n cods 
of radius r, the circumference of the wire is ^rrr and each 



part of it contributes to the magnetic effect at the 

centre ; the force F at the centre is given by F = 

If unit current flows in the cod and the radius be 

1 cm., then the force at the centre wdl be F = ^ 

dynes. In order to get rid of the Stt and make the force 
at the centre the unit of force, i.e., 1 dyne, all that need 
be done is to consider only that part of the current which 

flows round ^ part of the circumference, that is to 


say, along a length of arc equal to 1 cm., as in Fig. 108. 
The way in which the absolute C.G.S. unit of current is 
defined, therefore, is to say that it is that current 
which, flowing along 1 cm. of a circular coil of radius 
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1 cm., produces at the centre a field of 1 gauss, i.e., 
a force of 1 dyne per unit pole. 

In practice, this is found to be rather a large unit, 
and the practical unit of current, called the ampere, 
is iV part of this unit, i.e., ampere = iV C.G.S. unit of 
current. 

Referring to the equation for the tangent galvano¬ 
meter, 

0 = . tan 0, 

it will be seen that depends on how the instru¬ 
ment is constructed, and is called the galvanometer 
constant G. Hence 

C=? tan 6 in C.Gr.S. imits. 

(lOH) , .. 

= ' tan 6 in amperes. 

(jT 

=K tan 6 in amperes. 

K is called the reduction factor of the galvanometer 
and is that quantity which, multijilied by the tangent 
of the angle of deflection, gives the current in amperes. 

The tangent galvanometer is neither a very sensitive 
instrument nor a very convenient one to use, and many 
other types of instrument have been devised. If the 
magnet is suspended by a fine suspension and the 
angidar deflection is measured by means of light reflected 
from a small mirror rigidly attached to the magnet 
suspension, it is much more sensitive; these improve¬ 
ments were made by Lord Kelvin in his mirror galvano¬ 
meter. • Since a coil of Avire carrying a current behaves 
as a magnet, it can be used to replace the small magnet 
of the two previous instruments; the small coil when 
suspended between the poles of a large permanent 
horse-shoe magnet wUl, when a current flows through 
it, tend to rotate in accordance with the rules governing 
the action of one magnet on another; the amount of 
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the deflection may in this way serve as a measm'e of 
the current passing through the suspended coil. Such 
an instrument is called a moving coil galvanometer 
{vide Fig. 109), and the strength of the magnetic field 
of the permanent magnet is so big that the action of 
the instrument is practically independent of the earth’s 
field. All of the instruments mentioned require calibra¬ 
tion before it can be stated what the current is, which 



gives a certain deflection of the moving part of the 
apparatus. 

For many purposes it is very convenient to have 
direct reading instruments, that is to say, one in which 
the current in amperes, miUiamperes, or microamperes 
can be read directly from a scale. The moving coil design 
is largely made use of in these instruments, and in 
such cases the moving coil is usually pivoted, not 
suspended, and its movement when a current flows is 
shown by a pointer attached to the coil, moviag over a 
scale graduated to read the current directly. 

As an ampere meter or ammeter is an instrument 
which is used in a circuit in order to measure the current 
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flowing in it, it must have very little resistance, other¬ 
wise the value of the current would be changed on putting 
the instrument in the circuit. 

Ohm’s Law. —^When a current flows in a circuit, it 
behaves in many ways like an incompressible fluid. 
There must be something causing the current to flow; 
this is called the electro-motive force, or E.M.F. The 
bigger the E.M.F., other things remaining the same, 
the bigger the current flowing. In practically every 
circuit there is something opposing the passage of the 
current; this is called resistance; the bigger the 
resistance, the smaller the current flowing. 

Ohm found by experiment that a simple relation 
holds between these three quantities, and this may be 
stated as follows: For a given conductor, the ratio of 
the potential difference between its ends to the current 
flowing through it is a constant for the conductor under 
given physical conditions. 

If E is the potential difference and C the current, 
E 

then ^ = constant = R, where R is the resistance of the 

conductor. Ohm’s law applies not only to the whole 
circuit but to any part of it, so that if the potential 
difference E between any two points in a circuit is 
measured, the ratio of E to C will give the electrical 
resistance between the two points. 

When water is pumped through the mains, work has 
to be done against the resistance to the flow of the 
water. In a similar way, when electricity is driven 
round a circuit, work is done against the resistance to 
the flow of the electricity, and tms amount of work will 
of course vary with the electrical conditions of the 
circuit. 

Unit potential difference (P.D.) is that potential 
difference which, in maintaining rmit current in a circuit, 
performs a rmit of work per second. This unit is much 
too small for practical purposes and, as already stated, 
the volt, a hundred million times as big, is the practical 
umt of potential difference or electro-motive force. 
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These two terms are not synonymous. In order to 
‘oduce an electrical current, some electro-motive force 
necessarily brought into the ckcuit, and this force 
)es the work against the resistance in circuit, and this 
ill cause potential difference at different points of the 
rcuit. When a volt operating in a circuit causes a 
irrent of an ampere to flow, the rate of expenditure of 
]_ergy is said to be 1 watt; for big rates of working 
le term kilowatt is used. 



Instruments for measuring electro-motive force or 
otential differences are called voltmeters. Some 
ccount has already been given of these instruments 
uilt on electro-static hnes, but the most usual type of 
oltmeter takes current and is of the moving coil 
onstruction. Suppose that a circuit consists of a 
ource of electro-motive force E which sends a current 
hrough a resistance R, the current being measured by 
n ampere-meter A, as in Fig. 110. If a voltmeter V is 
oimected to the two ends of the resistance, then, 
Tovided the resistance of V is large compared with R, 
. relatively small amount will go through it and the 
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instrument is calibrated to read the potential difference 
between the ends of R. 

A current distributes itself round a circuit in such a 
way that there is nowhere any accumulation of elec¬ 
tricity, and if alternative paths are open to the current, 
it chooses the path of least resistance. 

Suppose that a current C flows in a circuit, and at 
the point A in Fig. Ill two paths of resistance R^ and 
Rs are open to it. The current divides, so that C] 



and C 2 are the two values of the current which at B 
becomes C again. 

If E is the potential difference between A and B, 
then 

Ci = ® and 02=®-, and C=G^ + G^. 

1^2 

It is evident that whatever the resistance R^ and R^ 
may be, it would always be possible to substitute for 
them a single resistance which had the same effect; 
such a resistance is called the equivalent resistance R. 
If this resistance be supposed substituted for R^ and 
Ra, then 



E ^ E E 

R Ri RV 

.1 1^1 T5 R 1 R 2 

■■ fs ++. -■ or, R=.— 

R Rj R2 Ri Rj 


Hence, 
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Tliis method of using I’esistances is called putting 
them in parallel. If they are put one after the other, 
it IS called putting them in series, and in this case 
the^ equivalent resistance is the sum of the individual 
resistances. 

If resistances of 2 and 3 ohms are put in series, the 
equivalent resistance is 5 ohms; if they are put in 
parallel, it would be 1-2 ohms. A few examples will 



I’M. 112. 


eonvince the reader that, when resistances are in parallel, 
the equivalent resistance is always less than the 
imaUest of the individual resistances. If there are large 
aumbers of resistances in parallel, the equivalent 
resistance is given by 

1 = 14-1 + 1 + 1 + . . . 

E El Ra Eg El 

Suppose that a circuit consists of a galvanometer of 
resistance G and a resistance S in parallel which acts 

GS 

as a shunt, as in Fig. 112. Then since is the equi- 
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valent resistance of the circuit, the current in the circuit 
will be 

r= JL 

GS ’ 

G + S 

where E is the potential difference between A and B. 
The current through the galvanometer will be 


GS 



and similarly the current through the shunt will be 



As an example, suppose that S =I,G, then 

ft —n — __ 

^ G + -JG 100’ 

In other words, if the shunt has one-ninth of the resist¬ 
ance of the current-measuring instrument, then only 
one-tenth of the current in the circuit passes through 
the instrument; the rest is shunted. 

If S = tiVG, one-hundredth of the current goes 
through the instrument; and if S =TrTirG, one-thousandth, 
and so on. 

Measurement of Resistance. —^The practical unit 
of resistance is called an ohm, and is defined as the 
resistance of a conductor carrying an ampere between 
the ends of which there is a potential difference of a 
volt. The standard ohm is the resistance at 0° C. of 
14-452 grm. of mercury in the form of a column of 
uniform cross-section and 106-3 cm. long. Sub¬ 
standards of this have been made and copied, so that 
so-called standard ohms are available in most physical 
laboratories. 

The most obvious way of measuring resistance is to 
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oass a measured cm-rent through it and measure the 
potential difference operating in the circuit. The ratio 
3f E to C gives R. 

But in practice the measurement of resistance is 
Qearly always made by comparmg the unknown resist¬ 
ance with a known resistance. It is obvious that if a 
3urrent which goes through an unknown resistance is 
measured when a definite voltage is appHed to it, the 
value of the unknown resistance can be obtained ; but 


B 



in practice this is often a very inconvenient thing to 
do. The method which will be described here is due to 
Wheatstone and is known as the Wheatstone Bridge 
method. The principle of this method will be easily 
understood by an analogy. 

Suppose that in Fig. 113, ABD and ACD represent 
two different paths down a mountain, leading eventually 
to the common level D, then for any point, say B, in 
the path ABD, selected at random, it will always be 
found possible to find a point C in the path ACD which 
is at the same level as B. Now, if we have a circuit 
consisting of two alternative paths, ABD and ACD, for 
the current to flow along, and we select any point B on 
one of them, it will always be possible to find a point C 
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on the other circuit at the same electrical level as B. 
When this point C has been found, an electrical con¬ 
nection made between B and C will not result in any 
current flowing along the circuit, because B and C are 
equipotential points. If, however, B is at a higher 
potential than C, electricity will flow from B to C, but 
if at a lower potential, it will flow from C to B. 
This, in fact, is how the point C is found; one uses a 
galvanometer to hit off the condition that no current 
flows either way. 

Now let Ri, Rj, R 3 , R 4 be the resistances of the 
four parts into which the circuit is divided when the 
condition that no current flows through the galvano¬ 
meter is satisfied. Then since the potential drop from 
A to B is the same as that from A to C, 


OiKj — C2R3; 


and similarly for the other part of the circuit, 

CiR2=C2Ei. 


II9 


R3 


This may be written 


Hence the value of an vmknown resistance R 3 can be 
found in terms of a known resistance R 4 and the ratio 


Ri 

r; 


of two other resistances. 


The most convenient form of the Wheatstone Bridge 
is that known as the post-office box. 

The resistance of nearly all sohd conductors increases 
with temperature. When a large current flows through 
an ordinary circuit, the circuit warms up considerably 
and overheating may occur. Carbon is an exception to 
the general rule, for its resistance decreases as it gets 
hotter. 
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If Ro is the resistance of a conductor at temperature 
3° C. and Rt the resistance at any other temperature t 
and a is the coefficient of increase of resistance, then 
the usual expression connectmg the change of resistance 
with temperature is 


This is found to hold approximately for most cases 
over moderate ranges of temperature. 

WoEK Done by Electric Currents. —The work 
lone m transporting a quantity of electricity Q in a 
oircuit by means of an electro-motive force E is given 
byW = EQ. 

If Q and E are measured in them appropriate practical 
units, namely, coulombs and volts, the result is so many 
joules, the practical unit of work. This can be deduced 
in the following way :— 

1 coulomb=10-^ C.G.S. units of quantity. 

1 volt = 10® C.G.S. units of electro-motive force. 

.'. 1 volt coulomb = 10~^ x 10® C.G.S. units of work. 

= 10’ ergs = l joule. 


The usual evidence that work is being done when a 
3 m’rent passes through a circuit is that heat is generated, 
[n order to generate a unit of heat, i.e., a calorie, by 
mechanical means, 4-2 x 10’ ergs or 4-2 joules must be 
Bxpended, so that, as would be expected from this, 

I volt coulomb generates ^ calories, and expenments 

show that this is the case. This is sometimes referred 
to as the electrical equivalent of heat; it is, however, 
preferable to retain the term mechanical equivalent of 
heat, recognising at the same time that this may be 
achieved by electrical means; in this case the mechanism 
by which the work is done is not so obvious as in Joule’s 
experiments. 

It is in practice more convenient to express the 
coulombs transported in a circuit in terms of ampere 
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seconds, and then the expression for the heat generated 
is 


ECi 

4:-2 


calories. 


Or, since 


E=R0, 


H= , calories. 
4-2 


Suppose that an electrical steriliser is connected to the 
240-volt mains, that it takes 5 amperes and holds half a 
gallon of water at 15° C.; how long will it take to bod ? 
Heat will be generated at a rate given by 



calories per sec., 


i.e., 286 calories per sec. 


Half a gallon is about 1-9 litres and will weigh 1-9 kg. 
The amount of heat required to raise 1-9 kg, of water 
from 16° to 100° C, is 160,500 calories. Hence the time 
required to generate this wiU be 

160600 . . -u *iA • 

—-——min., i.e., about 10 imn. 

286x60 


This is evidently a minimum estimate of the tune 
needed to heat the water, as some heat is taken up by the 
sterdiser, some is lost by cooling to the surrotmdings, 
and, moreover, time is required for the conduction of 
the heat. 


In many cases it is necessary to know not only the 
work done in a circuit, but the power or rate of expendi¬ 
ture of energy. 

Since W = ECi and power is the rate of doing work, 


it is evident that the power is given by 


ECi 
^ t 


= EC. 


Hence, multiplying the volts by the amperes gives the 
power; this product is caded a watt in honom: of the 
engineer of that name. If 5 amperes are taken from a 
200 -volt supply, the power is 5 x 200 watts = 1 kw. 
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If this were continued for one hour, the amount of 
electrical energy consumed would be 1 kw.-hour. 

In ordinary coromercial and domestic use of elec¬ 
tricity, the big electricity supply companies charge the 
consumer so much per kilowatt-hour ; this is called the 
Board of Trade unit. 

Electkical Thermometry. —^Temperature can be 
measured electrically by two different methods. One 
method is to make use of the change in the resistance 
of a metal when its temperature changes; the metal 
generally used for the purpose is platinum. The changes 
that occur in the resistance of this metal have been 
very carefully measured over a very much bigger range 
of temperature than is ever necessary m medical work. 
It has been found that the resistance Rt at any tempera¬ 
ture compared with the resistance Ro at a temperature 
0° C. can be accurately found from the expression 
Rt =Ro(l +aiwhere a and ^ are two constants. 
In contrary fashion, if the change in its resistance is 
found when the platmum is raised iu temperature, then 
the change in temperature can be deduced. Platinum 
resistance thermometers, as they are called, are most 
often used for the measurement of relatively high 
temperatures, such as 1,000° C. or more, but they are 
sometimes used for the few degrees, say from 95° to 
105° F., which are required m medical work. These 
thermometers are in fact of great use when a con¬ 
tinuous. record of the temperature changes is wanted, 
perhaps for a period of twenty-four hours; and in 
this kind of work the platinum resistance is made the 
fourth arm of a "Wheatstone Bridge and the deflections 
in the detecting galvanometer in circuit are made to 
give a continuous record on a revolving drum in a 
similar way to the record of a barograph. 

The other method by which temperature changes can 
be measured electrically depends upon the phenomenon 
known as thermo-electricity. In 1826 Seebeck dis¬ 
covered that when two wires made of different metals 
are joined together, if there is a difference of temperatme 
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between the two junctions, a current is produced in the 
circuit and this current is maintained as long as the 
temperature difference is maintained. The electro¬ 
motive force produced is called the thermo-electric 
E.M.F. Suppose that a piece of iron wire and a piece 
of copper wire are joined together and that one jrmction 
is put in a vessel containing melting ice, thus keeping 



its temperature constant; then if the other junction is 
at room temperature, a small E.M.F. is produced which 
can be shown by having a dehcate miUi-voltmeter in 
circuit. If the temperature of the warmer junction is 
now raised, the E.M.F. increases up to a certain point, 
but beyond this any further rise in temperature gives a 
smaller E.M.F. and eventually the E.M.F. is reduced 
to zero. If the junction be heated stiU more, the E.M.F. 
is actually reversed in direction. Heating the junction 
with an ordinary Bunsen burner is enough to cause this 
reversal of the thermo-electric E.M.F. in a copper-iron 
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unction. Such a device is called a thermo-electric 
:ouple, and the E.M.F. given by a couple depends on the 
hoice of metals as well as upon the difference of tempera- 
ure between the junctions. Antimony and bismuth 
ire two metals which for a particular temperature 
lifference give about the biggest E.M.E. If a number 
>f couples are joined together in series, then they add 
heir E.M.E. in a similar way to a number of electrolytic 
ells. When about twenty antimony and bismuth 



SiG. 115. 


ouples are joined up in series, they make a very sensitive 
letector of radiant heat; the usual form that this takes 
3 shown diagrammaticaUy in Fig. 114. The junctions 
re packed together in a small compass, one set is 
overed over with a metal fitting which ends in a cone, 
hus leaving the other set of junctions exposed to any 
ource of radiant heat. The heat from a candle held 
, few yards away from the open end of such a thermo¬ 
cope can be easily detected. Professor Gamgee per- 
ected the thermo-electric method of recording body 
emperatures, but many rather elaborate precautions 
Lave to be taken when a continuous record of the body 
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temperature accurate to a tenth of a degree is wanted. 
It is a much easier thing to measure differences of 
temperature between different parts of the body without 
necessarily knowing exactly what either temperature 
may be. A convenient type of instrument for this 
purpose is shown in Fig. 115. The thermo-couple is 
fixed in thin but strong strips of celluloid wliich allow 
them to be strapped firmly on to the parts of the body 
between which any temperature difference has to be 
measured. 

Magnetism by Electrical Currents 

Arago discovered that when a current was sent 
tlxrough a copper wire which was dipped in iron filings, 



Eig. 116 . 

they became attached to the wire. Each particle of 
iron becomes a magnet and sets in the direction of the 
magnetic field produced by the current j the north pole 
of the magnet is to the left of the cm’rent. This is a 
convenient rule to remember and was given by Ampfere 
in his work on the magnetisation produced by currents. 
A bar of iron can be magnetised on these lines. The 
most convenient arrangement is to put the bar inside 
a tube on which a coil of wire is wound. When a 
current is sent through the wire, the lines of magnetism 
run in the'direction of the length of the tube ; they thread 
through the iron and thus magnetise it. The direction 
of the magnetisation is related to the direction of the 
current, as shown in Fig. 116. If the current is reversed, 
the poles of the magnet are reversed. The same rule 
applies in this case, viz., the north pole is to the left 
of the current. If an observer be supposed to be swim¬ 
ming in the direction'of the current, then the north polar 
end of the magnet would be on his left. 
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If a bar of steel is used for the above experiment, 
it will be found that it is still a magnet after the current 
is stopped. If soft iron is used, it is only a magnet while 
the current remains on; there is, however, often a 
small residual magnetisation left. Such a temporary 
magnet is called an electro-magnet; these are made in 
various forms and are of enormous importance in 
electro-technics. 

Suppose that a long bar of steel is mounted inside a 



solenoid or hehx, such as shown in Fig. 116, and that 
means are provided for sending as big a current as is 
necessary through the magnetising coils. Suppose, too, 
that the strength of the magnetisation of the iron rod 
is going to be tested by its action upon a distant magneto¬ 
meter. It is found that beginning with a small current, 
the magnetisation of the iron rod gradually increases 
as the current is increased, as shown in Fig. 117; 
then proportionately more slowly until a condition of 
saturation of the iron is reached. At this point, any 
further increase in the magnetising current does not lead 
to any increase in the magnetisation of the iron. Suppose 





I 
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that the magnetising current is reduced when this point 
A on the curve is reached, then it is found that the 
magnetisation of the iron is not reduced to the 
corresponding value; in fact, when the magnetising 
current is zero, the iron will still be found to possess 
some magnetisation. In order to demagnetise the iron, 
the magnetising current will have to be reversed in 
direction and the general characteristics of the two 
curves are repeated once more, as will be seen from 
the diagram. It will be noticed that the magnetisation 



of the iron appears to lag behind the magnetisation 
current. Ewing, who discovered this phenomenon, gave 
it the name of hysteresis. 

Fig. 118 gives the characteristic hysteresis loops for 
soft iron and for steel. It will be seen that when the 
magnetising current is suitably reduced, the permanent 
magnetisation of steel is much greater than that of iron. 
The fact that iron and steel can be magnetised to satura¬ 
tion point is of great importance in the design of electrical 
machinery. 

FoB.CE OP A Magnetic Field on a Cuerent.— ^An 
ordinary straight length of wire carrying a current is 
subject to a mechanical force if the wire is placed in a 
inagnetic field, as shown in Fig. 119. This force acts at 
right angles both to the current and to the magnetic field, 
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and so will tend to displace the wire at right angles to 
its length and to the magnetic field. If the direction 
of the current is reversed, then the displacement is 
reversed. A convenient rule by which to remember the 
direction in which the conductor would be displaced is 
to let the thumb, forefinger, and middle finger of the 
left hand point at right angles to each other; then, if 
the direction of the thumb is that of the current, the 
forefinger that of the magnetic field, then the middle 
fiinger gives the direction in which the conductor would 
tend to be displaced. This force is a very small one. 



Fig. 119. 


and no movement will be detected if an ordinary copper 
wire carrying a few mdlhamperes is strung up in the 
magnetic field between the ends of two ordinary bar 
magnets. Einthoven has, however, succeeded in making 
what is called a string galvanometer by having the 
conductor of very thin silvered quartz and arranging 
that it is fixed in the field of a very strong electro-magnet. 
When a current passes through the quartz fibre, the fibre 
is displaced at right angles to its own length and to the 
magnetic field; the quartz fibre has so Kttle inertia 
that it is practically “ dead beat ” * iu action, and so 
responds at once to any variation in the current travers¬ 
ing it. In the instrument known as the electro-caxdio- 

* Dead beat means tbat when it is deflected, tbe fibre comes to its 
new position of equilibrium without oscillations or overswing. 
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graph, the displacements of the fibre are shown by means 
of an arc light and a projector which magnifies about 
600 times. This makes it possible to record photo¬ 
graphically the variations in what are called heart 
currents,” and a study of these variations has been of 
great service in diagnostic work on the heart. 

Electeolysis 

When electricity is passed through a hquid, it often 
happens that chemical changes take place. When this 
happens, the liquid is called an electrolyte and electricity 
is conveyed much more easily under these circumstances ; 
if it does not occur, the hquid is called a non-electrolyte, 
and such hquids are all bad electrical conductors, in 
fact almost insulators. Mercury is an exception. 

To Faraday we owe the first big advance in knowledge 
on this subject. He supposed that, when a substance 
hke common salt, for instance, is dissolved in water, 
the act of solution causes large numbers of “ ions ” to 
be formed. A molecule of salt is written NaCl, and 
to indicate the change in the molecule which is brought 
about by dissolving the salt in water, it is written 

Na/Cl, the sodium atom assuming a positive and the 
chlorine atom a negative charge. The two atoms are 
stiU combined to form a molecule, but the effective 
linkage between them is so weakened that the atoms 
win be oppositely directed if a big enough electro-motive 
force is applied to them. Hence, if some salt solution 
is put into a vessel and two metal electrodes are dipped 
into the solution, when a current is passed through the 
solution, the sodium and chlorine ions travel through 
the hquid in different directions. Faraday termed this 
process the migration of ions, and it is this migration of 
the positive and negative components of the molecules 
of the electrolyte which accounts for the transit of 
electricity through it. The number of ions in an electro¬ 
lyte is increased by an increase in the amount of solute 
in solution; but there is another process, namely, the 
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ecombination of ions which always tends to lim it, 
he number of ions present. When the ions arrive at 
heir respective electrodes, the positive ions or anions 
joing to the negative electrode or kathode, and the 
legative ions or kations to the positive electrode or 
mode, they lose their charges and are deposited on the 
lectrodes, sometimes appearing as gas and sometimes 
LS sohd ; very often the deposited ions react chemically 
vith the solution. In the case of sodium chloride, 
he chlorine is to some extent hberated at the anode 
LS gas; some goes into solution and the sodium reacts, 
orming NaOH. 

When a current goes through a solution of copper 
ulphate, copper is deposited on the negative electrode 
is a thin film; by aUowing the current to flow for long 
nough, this may be thick enough to cover the electrode 
md the amount deposited may easily be weighed. Such 
L process is called electroplating. 

Faraday showed that the amount of a substance 
[berated in this way by electrolysis is proportional to 
he amount of electricity transported through the 
olution. Also by experiments on a large number of 
ilectrolytes, he found a most important relation to 
told between the masses of substances hberated and 
heir chemical equivalents. 

These conclusions may be summarised as follows :— 

1. The mass of any substance hberated from an 

electrolyte by the passage of a current is 
directly proportional to the strength of the 
current and to the time for which it flows. 

2. When the same current passes for the same 

time through different electrolytes, the masses 
of the different substances hberated are directly 
proportional to their chemical equivalents. 

The first relation may be expressed as Q = ZCi, 
srhere Q is the amount of substance hberated by 
lectrolysis, C the current, and t the time for which 
t flows; Z is cahed the electro-chemical equivalent of 

13 
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the substance and is the amount in grams deposited 
by 1 amp, flowing for 1 sec., i.e., by 1 coulomb. 

The electro-chemical equivalents of a few substances 
are given in Table 8. 


Table 8. 


Substance. 

Atomic 

Weight. 

Valency. 

Electro- chemical 
Equivalent. 

Silver . 

107-SB 

1 

-0011183 

Copper . 

63-57 

1 0x2 

-0003295 

Lead . . 

207-10 

2 

-001072 

Hydrogen 

1-008 

1 

•00001045 


The copper in copper sulphate acts as a divalent 
atom i a single atom of it in this case carries twice as 
much positive charge as if it acted as a mono-valent 
atom, so that when transporting the same amount of 
electricity, only one-half as much of metallic copper will 
he deposited; so that, generally speaking, the amount 
of any substance deposited by a coulomb can only be 
calculated when the valency it assumes in the molecule 
is known. 

When a current is sent through shghtly acidulated 
water (say by weak sulphuric acid), bubbles of hydrogen 
and oxygen stream away from the kathode and anode 
which are preferably made of platinum. When collected 
by means such as shown in Fig. 120, the volume of 
hydrogen is found to be twice that of the oxygen in 
accordance with the chemical formula HjO. , When the 
products of electrolysis are gaseous, the presence of a 
layer of gas over the electrodes A and B greatly increases 
the resistance between them and also causes what is 
known as a back electro-motive force in the circmt. 
This phenomenon is sometimes called polarisation, and 
the E.M.F. caused by it, the E.M.F. of polarisation. 
This E.M.F. can be shown it a suitable switch is inserted 
in the circuit at CDE; when the current is put on. 
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the current goes via EDB, causing evolution of gas at 
B and A. The switch at D is now put over in contact 
at C, a voltmeter at V being in tliis chcuit. Immediately 
the switch is operated in this way, the voltmeter shows 
that an E.M.F. of about 1 volt occurs as a result of the 
platinum electrodes being covered with two different 



gases. If they were covered with the same gas, there 
would be no E.M.F. 

The result of this is that a current passes round the 
new circuit, but the back E.M.F. wiU quickly drop to a 
very low value. 

The action resembles that of primary electrol 3 rtic 
cells. Two platinum electrodes dipped into sulphuric 
acid do not constitute such a cell, but if zinc were 
substituted for one of the platimun electrodes, then it 
would be found that an E.M.F. existed between the 
two electrodes, and this arrangement would be called 
a primary electrolytic ceU. 
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A good many different varieties of these cells are 
known. Bunsen devised a ceil in which carbon and 
zinc served as the electrodes with sulphuric acid as the 
electrolyte. The Daniell cell is an improvement on 
this ; the electrodes are made of copper and zinc, the 
copper dipping into copper sulphate and the zinc into 
dilute sulphuric acid, the two hquids being separated 
by a porous pot; the E.M.F. of such a cell is about 1 volt 
and there is practically no polarisation. Another useful 
cell is the Leclanche cell; the electrodes are the same 
as in the Bunsen cell, being of carbon and zinc, but the 
electrolyte is ammonium chloride ; a feature of the cell 
is that the carbon electrode is packed round with 
manganese dioxide, which helps the cell to recover from 
the polarisation wliich other-wise badly hinders its action. 

All these primary electrolytic cells obtain electrical 
energy at the expense of the chemical energy of combina¬ 
tion of the electrolyte used, so the cells need continual 
replenishment for this reason. Only very moderate 
currents can be got from these primary cells, as they all 
have an appreciable amormt of resistance, A Leclanche 
usually has 1 or 3 ohms and a Daniell as much as 4 
or 5 ohms. 

Secondary cells are cells through which a current 
is first sent and, as a result of this, an E.M.F. is generated 
between the electrodes. When the primary current is 
stopped, this E.M.F. is then adequate to maintain a 
current. Gaseous hydrogen and oxygen covering two 
platinum electrodes is an example of a secondary cell, 
but it is not one for practical use. A vast amount of 
work has been done on such cells, and a highly efficient 
cell kno-wn as the lead accumulator is the outcome of it. 
To begin with, two electrodes of lead are put into fairly 
strong sulphuric acid (density 1-33) and a current is 
passed between -them. Oxygen is liberated at the anode 
and -this oxidises the lead plate to PbOg ; hydrogen 
bubbles away at the kathode. A potential difference of 
about 3 volts then exists between the two electrodes 
and, it the circuit is completed, a current wiU flow; 
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when this happens, the oxidised plate is reduced by the 
hydrogen to PbO, which with the acid in the cell tends 
to form PbSO^. The current passes till the other 
electrode is oxidised and which also tends to form PbS 04 . 
This process is called forming the plates, the electrodes 
being in the form of plates, and when it is complete, the 
electrodes are both of lead sulphate in sulphuric acid, 
between which no E.M.F, exists. 

On sending a current through the cell, the following 
changes occur:— 

At the positive plate, 

PbSOi+SO4+2HaO=PbOs.+2H2S04\ 

At the negative plate, /Acid formed. 

PbS 04 +H 2 =Pb+H 2 S 04 / 

On disehargiag the cell, the reactions are :— 

At the positive plate, 

PbOa +H2SO4+Ha=PbS04 + 2H20\ 

At the negative plate, /Acidity diminished. 

Pb +H 2 SO 4 + 0 =PbS04+H 2 O/ 

It will be seen that when chargiog such a cell, acid 
is formed; in practice, the specific gravity may be allowed 
to rise as high as 1-23. On discharge, water is formed 
and the specific gravity may be allowed to fall as low as 
1-18 before any damage to the cell is likely to happen. 

These secondary cells or accumulators usually have 
very little internal resistance, so that appreciable current 
can be taken from them. The E.M.F. is just over 3 
volts, and when discharging them it is inadvisable to 
let the voltage fall below 1 -8. 

The Motion oe Ions. —^lons travel comparatively 
slowly in electrolytes ; we have to picture two opposing 
streams, directed by the electrical force applied between 
the electrodes and moving with a speed which depends 
upon the nature of the ion and upon the potential gradient 
in the liquid ; the potential gradient is measured by the 
change in volts per centimetre through the liquid. The 
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speed that an ion acquires under a potential gradient of 
1 volt per cm. is called the mobility or migration 
velocity. Oliver Lodge made the first successful experi¬ 
ments in determining ionic mobilities. The arrangement 
he adopted was as shown in Fig. 121 :— 



A narrow tube AB was filled with agar jelly mixed 
with sodium chloride and some phenolphthalein having 
a trace of caustic soda in it to colour it. The ends A 
and B were fitted into two small vessels holding sulphuric 
acid. When a current was passed in the direction AB, 
the hydrogen ions displaced the sodium ions, so that 
hydrochloric acid was formed; this acid decolourised 
the phenolphthalein, and, as more and more hydrogen 
ions were carried down the tube, this was shown by the 
gradual advance in the line of decolourisation. By 
measuring this rate. Lodge deduced that the mobility 
of the hydrogen ion was -0026 cm. per sec. 

Other methods have had to be used for measuring 
the mobihties of other ions, and the data in Table 9 
show that the ions have widely differing mobilities. 

T.4.BLE 9. 

Mobility, i.e., Speed in Centi¬ 
metres per Second under a 
Potential Gradient of 1 volt 
per cm. 

320 X 10“® cm. per sec. 

182 X10-6 

69x10-6 

66 X10-6 
66 X10-6 

48x10-6 


Ion. 


H 

OH 

CO2 

NH, 

K 

Na 
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Considerable use is made in electrotherapy of many 
of the chemical ions ; these ions can be passed through 
the skin and carried through the tissues by applying 
an electro-motive force between electrodes suitably 
placed. 

Suppose that two pads are moistened with a solution 
of potassium iodide and strapped on to the back and 
front of the forearm. If an electro-motive force of 10 
volts is apphed between the electrodes, the potential 
gradient wiU be about 2 volts per cm., taking the 
thickness of the tissue to be 5 cm. Under these circum¬ 
stances, the mobility of the iodine ion being -067 mm. 
per sec., these ions wiU penetrate to a depth of about 
4 mm. in ten minutes, provided they are not swept away 
by any of the fluids circulating in the vessels supplying 
the tissues. 

As Lewis Jones has pointed out in his book, “ Medical 
Electricity,” it is extremely difi&cult to estimate com¬ 
pletely the various influences of the movements of 
ions in the tissues, for it is certain that some degree of 
interchange occurs between the ions in the various tissues. 
Nerve tissue and muscle are rich in phosphates and 
potassium salts; the plasma and lymph have an ap^preci- 
able content of chlorides and carbonates, so that in the 
passage of a direct current for an appreciable time 
through the tissues there will be numerous opportunities 
for some local alterations in the normal electrolytic 
content of the various structures. 

The resistance of electrolytes, u nlik e most soHds, 
diminishes as the temperature is increased. 

Conduction of Electricity through Gases 

Air and nearly all other gases at anything like 
atmospheric pressure conduct electricity very badly, 
but if the pressure is sufficiently reduced, their resistance 
to the passage of a current diminishes so much that they 
become fairly good conductors. This is of course a 
rather striking contrast to the conductivity of electro- 
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lytes, for as the amount of solute in a solution is increased, 
the current is more easily conducted. 

For a long time it was thought that gases did not 
conduct electricity, but when means were devised for 
applying big electro-motive forces to them and it was 
found possible to lower their pressure at the same time, 
some very important information was obtained about 
the conditions under which gases could convey electric 
currents. As with liquids, the current is often conveyed 
by positive and negative ions; but sometimes the process 
appears to be quite independent of the gaseous molecules 
present, and then the current is carried entirely by 
particles of negative electricity called electrons which 




Fig. 122, 


are much smaller than any atoms. The steps which led 
up to this discovery have been spread over a good many 
years and date back to 1857. 

A convenient way of studying the conductivity of 
air or other gases, such as hydrogen or carbon dioxide, 
for instance, is to take a glass tube about 1 ft. long 
and 1 in. in diameter and seal two platinum electrodes 
in at the ends of the tube, as in Fig. 122, a small side 
tube of glass being sealed on so as to allow the apparatus 
to be connected to a suitable evacuation pump. If a 
small battery were put into such a circuit, then no 
appreciable current would pass through the tube, and 
even with a source of E.M.F. at E, giving several 
thousands of volts, it would stiU be difficult to show 
that any current was passing between A and B if the 
gas were at atmospheric pressure. Suppose, however. 
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that 1,000 volts were applied between A and B and 
the exhaust pump were set working; a stage would 
soon be reached when a faint luminosity would be seen 
in the tube, and this would become stronger as exhaustion 
of the air went on. 

As shown in Fig. 1%% this spreads from very near 
the kathode K for almost the whole length of the tube 
and is called the negative column; a non-luminous 
space separates this from another glow which reaches up 
to the positive electrode and is called the positive 
column. 

If the pressure is reduced to just less than 1 mm. 
of mercury, the appearance of the discharge changes 
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to that seen in Fig. 123 ; the luminous positive column 
a;ppears to be spUt up into segments which are called 
striae, which look like a number of discs set side by side 
along the length of the tube. 

The dark space which immediately surrounds the 
negative electrode is called the Crookes dark space; 
there is another dark space called the Faraday dark space 
which is near to, but separated from, the Crookes dark 
space by a luminous region as shown in the figure. 
When the pressure in any of these discharge tubes is 
reduced low enough, a new phenomenon is seen, and this 
consists of a faint luminosity which spreads away from 
the kathode ; this is called the kathode stream, and for 
a long time the natrue of this stream remained unknown 
in spite of a great deal of experimental work. Crookes 
himself thought that the kathode stream had nothing 
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to do with the atoms or molecules of the gas left in the 
discharge tube; in fact he went further than this 
and expressed the view that it was a “ fourth state of 
matter.” Long before this prediction about the nature 
of the kathode stream, Plucker had shown that the 
stream carried a negative charge of electricity, and some 
years later Perrin and Schuster showed that the direction 
of the stream could be changed by the action of electrical 
and magnetic fields, and that the stream always moved 
in the same way as a stream of negatively electrified 
particles would move. From these numerous experi¬ 
ments, round about 1895 the view generally held was 
that the kathode stream consisted of negatively elec¬ 
trified particles, but that these particles were not atoms 
or molecules of the gas in the discharge tube. If not 
atoms or molecules, what were they ? At that date 
nothing smaller than an atom or molecule was known to 
science. This matter is dealt with further in Chapter IX. 



CHAPTER VIII 


ELECTRO-MAGNETISM 

Electeo-magnetic Induction. —^Due no doubt to 
his discovery of electro-static induction, Faraday was 
convinced that some similar phenomenon existed 
between electrical currents. He devised many experi¬ 



ments in order to find out whether this was so, and 
he succeeded in showing that when a current was 
started or stopped or changed in any way in one chcuit, 
then it could induce a current in a neighbouring circuit. 
It is usual to call the first the primary circuit and the 
other the secondary circuit. 

The phenomenon can be weU shown by an 
arrangement similar to that in Fig. 124. The primary 
circuit consists of a few coils of thick wire through 
which a few amperes can be sent from a storage cell, 
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a key being inserted in circuit for starting or stopping 
the current. 

The secondary circuit consists of a completely distinct 
circuit consisting of many turns of thin wire and placed 
near to, but not touching, the primary windings; the 
rest of this circuit includes a detecting galvanometer. 

Though the two circuits are not connected electric¬ 
ally, it is found that when a current in the primary is 
started, a momentary current flows in the secondary; 
when the current continues to flow steadily in the 
primary, no effect whatever is seen in the secondary. 
If, however, the current in the primary circuit is broken, 
a momentary current flows in the secondary but in the 
opposite direction to that first seen in that circuit. 

Faraday showed that the phenomenon was due 
entirely to the magnetic field of the primary circuit. 
An essential part of the experimental arrangement is 
that this magnetic fleld shall in some way thread through 
the secondary, and in this way the whole effect becomes 
fairly easily explicable. Suppose that an E.M.F. is 
applied to the secondary circuit, causing a current to 
flow in it, the immediate effect of this is to make a 
magnetic field spring into existence, linked with the 
circuit in a way which has been mentioned in Chapter VII. 
Hence, if a magnetic field is sent through the secondary 
circuit, it may be expected that this will per contra set 
up an E.M.F. in the circuit, and that is exactly what 
happens. 

Faraday showed that for any particular setting of 
primary and secondary circuits—and there are, of 
course, innumerable ways of arranging them—^the in¬ 
duced E.M.F. in the secondary depends simply upon 
the rate at which the magnetic fines through the 
secondary are changed. 

If Nj represents the “ flux of induction ” threading 
through the secondary circuit at a time t, and if Ng 
represents the flux of induction threading through the 
secondary circuit at a time 4, due to any changes 
produced, then the rate of change of the fines is given 
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by and the induced E.M.F, is proportional to 

- 4 _ 

this quantity. 

The flux of induction itself is proportional to the 
area through wliich any magnetic field passes and is 
measured by HA, where H is the strength of the mag¬ 
netic field and A the area. In this case the flux is AH 
units. If H were 1 gauss and A 1 sq. cm., the flux of 
induction would be unity. 

Suppose in an actual case the area were 100 sq. cm. 
and the value of H 1,100 gauss, and that one second later 
the value of the magnetic field was reduced to 100 gauss, 
then the rate of change of the flux of induction comes 

to be ^00 =100,000 absolute units. 

Since the electro-motive force induced in the circuit 
is proportional to this rate of change, the actual E.M.F.* 
in such a case would be one millivolt. It will readily be 
understood, therefore, that theoretically there is no limit 
to the E.M.F. which can be produced by means of electro¬ 
magnetic induction. . 

When it comes to the practical application of this 
principle, certain difiiculties crop up. There is no 
particular difiiculty in the production of strong magnetic 
fields, but to change their strength rapidly caimot be 
done without the fullest consideration being given to 
aU the electrical and magnetic parts of the circuit. This 
is well exemplified in the action of an induction coil. 
In its simplest form, this consists of a hehx having two 
or three windings of thick copper wire; the interior 
of the hehx is fiUed with iron wire or strips lying along 
the length of the helix. When a current is sent through 
the win ding s, a magnetic field is produced inside the 
hehx and this is enhanced by the iron core. Another 
hehx having a large ntunber of windings en^velops the 
primary but is] not electrically coimected with it; this 
is the secondary circuit. The action of the instrument 

* One volt is equal to one hundred million absolute units of electro¬ 
motive force, vide Appendix, p. 226. 
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may be briefly described as follows: a current is 
sent through the primary circuit and this induces an 
E.M.F. in the secondary circuit. This E.M.F. is only 
momentary, for directly the current in the primary 
is fully established, the electro-magnetic induction stops. 
It is, however, arranged that the current in the primary 
is made and broken very frequently by some form of 
interrupter; in this way a succession of alternate 
increases and decreases in the strength of the magnetic 
field threading through the numerous windings of the 



secondary is made and maintained. For every interrup¬ 
tion there is an E.M.F. generated in the secondary. 
For several reasons the E.M.F. generated when the 
current in the primary is broken is greater than when 
it is made. In coils used for generating X-rays, it is 
purposely arranged that the E.M.F. at “ break ” is many 
times as big as it is at “ make ”; in other cods, such as, 
for instance, the Helmholtz coil used in physiological 
work, it is arranged that the E.M.F. generated at 
“ make ” is just equal to that at “ break.” There are 
various kinds of interrupters; one of the earhest forms 
is called the hammer break, the action of which may 
be seen from Fig. 125, which indicates the essential 
features of an X-ray induction coil. A is a platinuni 
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contact winch just touches B, which is a piece of soft 
iron mounted on a piece of steel spring. Wlien the 
current passes through the primary, the non core becomes 
magnetised and this attracts the piece of soft iron 
strongly enough to drag it away from A ; the current is 
thus broken. The iron core is no longer magnetised, 
B is no longer attracted to it, and the steel spring brings 
it back into contact with A and the current is made again, 
A condenser C is put in the circuit as shown, for it is 
found that, if a suitable capacity is used here, it enhances 
the E.M.F. at “ break ” and diminishes it at “ make,” 
a very important requirement in X-ray work. The exact 
way in which the capacity acts in such a circuit is a 
compHcated one, but it may suffice to say here that, 
roughly, the action of the condenser may be thought 
of as follows. When the primary circuit is made, the 
condenser is short circuited. With the breaking of the 
primary current the back induced E.M.F. in the primary 
coil tends to prolong the current, which if the condenser 
is there, will flow into it, charging it to a fairly high 
potential difference in opposition to that of the source 
supplying the coil. Lord Rayleigh concluded that the 
only value of the condenser was to take up this extra 
ciurent at break, the back E.M.F. of the condenser 
thus m aking the interruption more sudden than would 
be the case in the absence of the condenser. Provided 
the break could be made sudden enough by other means, 
the condenser would then become unnecessary. These 
conclusions were supported by his well-known experiment 
in which the interruption was made by a bullet fired 
from a rifle, which produced a distinctly higher secondary 
potential than could be obtained from an ordinary- 
interrupter and condenser. The theory which takes his 
name assumed that when current flowed in the secondary 
of an induction coil, it did not interact on the primary 
circuit. Taylor Jones showed that when allowance is 
made for the back action of the secondary circuit on 
the primary coil, there was an optimum value for the 
primary condenser, and a repetition of the rifle bullet 
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experiment gave, with his apparatus, a much smaller 
secondary potential than that given by an ordinary 
interrupter fitted with a condenser of optimum capacity. 
Crowther has shown that the induction coils in frequent 
medical use conform to one or other of these two modes 
of action. 

The ratio of the E.M.F. in the two circuits of an 
induction coil can be found as follows : If Ei is the 
E.M.F. in the primary and Ci the current, then E^Ci 
is the energy or rate at which work is done in that 
circuit. The work that could be got out of the secondary 
is at most what is put into the primary, so, 'if Eg 
and C 2 are the E.M.F. and current in the secondary, 
it may be said that EaCg cannot be greater than EiCi, 

E C 

therefore ~ cannot be greater than the ratio of 

El ^ t^i 

Suppose, for instance, that the voltage on the primary 
coil is 100 volts and that 8 amp. pass through it, and 
that the current in the secondary is 5 mUliamp., then 
the maximum E.M.F., when this happens, will be 

=160000 volts. 

5 X 10-3 

This is not an uncommon voltage to u’se in X-ray work. 

In practice, the hammer break is rather noisy; it is 
not very rapid in action, and when the current is 
broken there is often considerable arcing at the plat- 
i mim contacts. Other interrupters have been devised, 
one of the commonest being the mercury interrupter. 
In this device a conical spindle drilled with two holes 
running from the inverted apex to the periphery is 
spun rapidly in a pool of mercmy by means of a small 
motor; this causes some mercury to pass up the 
spindle, and it then splashes out in two opposite jets 
at right angles to the axis of the spindle ; metal contacts 
are placed so that these two jets fall on them, making 
a conducting path from one contact to the other. The 
current is thus made through the primary, but as the 
spindle is rotated, the mercury jets now miss the fixed 
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contacts and. the current is broken. Tliese mercury- 
interrupters can work at high speeds of interruption 
and so help to generate a big E.M.F. in the secondary 
circuit. 

There are many experimental ways of sho-mng the 
production of an induced E.M.F. If the effect is due to 
the magnetic field threading through a secondary 
circuit, then the primary circuit of Fig. 124 can be 
replaced by a magnet. This can be sho-vm by taking 
a few coils of wire connected up to a sensitive galvano¬ 
meter and suddenly putting one end of a strong bar 
magnet into the coils ; an E.M.F. is produced giving a 
transient current. M^en the magnet is -vsdthdra-vra, a 
current in the opposite direction is produced. 

An important relation exists between the direction 
of the current circulating in the secondary and that 
in the primary. This is conveniently expressed by 
Lenz’s law:— 

“ The direction of an iuduced current is always such 
that by its electro-magnetic action it tends to oppose 
the displacement.” 

The phenomenon of electro-magnetic induction is the 
basis upon which the production of electrical currents 
on a big scale depends. The usual form of mechanical 
contrivance which produces electrical currents is called 
a dynamo, and the simplest form of this instrament is 
called an earth inductor, the action of which is as 
follows :— 

A wooden framework (vide Fig. 126) about 1 ft. in 
diameter is wound -with about 800 turns of -vrae and is 
mounted so that it can turn about a vertical axis; 
the two ends of the windings are bmught out along 
this axis and are connected to a detecting galvanometer. 
If the earth inductor is set up in such a way that the 
magnetic field of the earth sweeps through it to a 
maximum extent, then the effect of rotating the 
hductor is to alter this linkage of the magnetic field 
vith it, and an E.M.F. will be induced in the circuit, 
causing a current to flow through it. When the frame- 
14 



212 PHYSICS FOE MEDICAL STUDENTS 

work has been rotated through 90°, its plane will 
coincide with the direction of the horizontal component 
of the earth’s field and so no magnetic lines thread 
through it. On rotating still further, lines once again 
begin to thread through xmtil the maximum number goes 
through; further rotation again brings a condition of 
no flux through the inductor and the final 90° to 
complete one revolution sees the number of lines of 



magnetic force linked with the circuit once again back 
to its maximum value. 

In this way one complete revolution of the inductor 
leads to the generation of an E.M.F. which varies in 
magnitude and direction in the way shown in Fig. 127. 
Such a ciurent is called an alternating current, and the 
rate of its alternations will depend on the rate of 
revolution of the inductor. On the basis of this action, 
machines for the generation of electrical currents have 
been constructed which are in fact used all over the 
world for lighting and power purposes. The construction 
of such machines designed for giving a large output 
requires a very great deal of consideration of an electro¬ 
technical character. Strong electro-magnets are used 
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instead of the weak magnetic field of the earth, and a 
number of circuits just out of step with each other are 
used instead of a single circuit, so that directly the 
E.M.F. in one is declining in value, it is supplemented by 
the next circuit following it in rotation. In this way the 
current though alternating does not show the violent 
fluctuations indicated in Fig. 127. 

The converse action would be to have a circuit or 
series of circuits capable of revolving in an extraneous 
magnetic field, but instead of giving it a mechanical 
motion and so generating a cmrent, to send a current 
through the circuits and thereby cause their rotation 
in the magnetic field. This is the action of an electric 
motor. 

Telephone.—^T his instrument, devised by Graham 
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Bell, depends on electro-magnetic induction for its 
action. A long horse-shoe shaped electro-magnet made 
of soft iron, round which are wound a number of turns 
of wire for conveying the current, is fixed in a tube, at 
one end of which a very thin steel plate is mounted 
which acts as a diaphragm. This diaphragm is put very 
near to one end of the electro-magnet and forms part 
of the magnetic circuit, so that some of the lines of 
magnetic force thread through it. Any variation in 
position of this diaphragm produces an alteration in 
the magnetic flux threading through the coils of the 
electro-magnet and will therefore produce an E.M.F. 
in the circuit. This variation in position of the dia¬ 
phragm is produced by the compression and rarefaction 
of the air when one talks in front of the diaphragm— 
the circuit of Fig. 128 is completed by a similar instni- 
ment which acts as receiver. This induced and varying 
E.M.F. causes a varying cmrent in the second part of 
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the circuit, reproducing on its own diaphragm exactly 
the vibrations which the speaker’s voice gives rise to. 
In this way speech is reproduced and can be transmitted 
over long distances. 

A large number of different types' of currents are used 
for medical purposes, and these give rise to very different 
effects. For instance, a direct current passed from hand 
to hand can only be tolerated if the current is kept 
small, that is to say, a few milHamperes ; this method 
of giving a current is called galvanism, or the use of 
galvanic current. If there is an interrupter in the 
circuit, so that the current is made and broken several 
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times a second, it is called an interrupted current. If 
such a current is sent through the primary coil of an 
induction coil and the current taken from the secondary 
terminals, this is a current of high voltage in which the 
impulses only last a very small interval of time, and so 
momentary currents pass through the body, stop, then 
pass again, and so on; these currents are called faradic 
currents. Again, an ordinary alternating current which 
reverses its direction about fifty times a second cannot 
be tolerated any more than a direct current; this is 
often called a sinusoidal current. If, however, by special 
means the alternations are made so rapid that they 
occur with a frequency of about 1,000,000 a second, 
much larger currents can be tolerated by the body; 
these currents are called diathermy currents and 
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are used to produce heat in any part of the body. 
If the terminals of a diathermy machine are held in the 
hands, a cmrent of as much as an ampere can he tolerated, 
and after a httle while a distinct sensation of heat is 
felt at the wrists and up the arms. Such currents are 
often used in medicine, and it is possible to localise this 
heating process so that the tissues are actually coagulated. 
An excellent account of the use of these currents is given 
by E. P. Cumberbatch in his book “ Medical Diathermy.” 



CHAPTER IX 


X-RAYS AND RADIO-ACTIVHY 

X-RAYS. —1895 Rontgen discovered a new kind of 
radiation to wliich he gave the name X-rays. He 
discovered that these rays were emitted from a Crookes 
tube, and found that the rays had the remarkable 
property of being able to penetrate many things which 
are opaque to light. Ordinary black paper, for instance, 
offers practically no hindrance to the passage of X-rays, 
and the tissues can be penetrated to such an extent, 
that by suitable means one can see into or through 
many parts of the body. Rontgen found that the X-rays 
were somehow or other produced by the kathode stream 
and, although the exact way in which this occurs is still 
not known, the fact remains that when the kathode 
stream hits an obstacle placed in its path. X-rays originate 
at the place where the stream is stopped. This led to 
an important alteration in the design of an X-ray tube, 
so that the kathode stream was focused oh to the anti¬ 
kathode ; this was done by having a concave kathode 
and putting the centre of the anti-kathode near its 
centre of curvature. A tube made like this is called 
a focus tube, one of which is shown in Fig. 129. 

The real nature of the particles in the kathode 
stream was discovered by J. J. Thomson in 1897, two 
years after the discovery of X-rays. He found that they 
were not ordinary atoms at all but simply minute 
particles of negative electricity ; he suggested the name 
corpuscle for these particles, but a few years later the 
name electron was given to them. The electrical charge 
that each electron carries is often called the elementary 
charge; it is a negative charge and just equal in value 
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though opposite in sign to the charge carried by the 
hy(togen ion in electrolysis. The hydrogen atom was, 
until 1897, the smallest known mass, hut the electron 
is far smaller than this ; measurement of its mass shows 
that it has only about one sixteen-hundredth of the 
mass of the hydrogen atom. 

Since the discovery of electrons, several methods of 
producmg them have been found. The filament of an 
incandescent lamp when ht is found to emit these 
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electrons, and the valves so largely used in wireless 
work depend for their action upon the stream of electrons 
being easily directed by an electrical field in one direction 
but not in the opposite direction, so that the current is 
uni-directional. However electrons are generated they 
are found to be of exactly the same kind ; practically 
all metals when heated give out electrons from their 
surfaces, and this suggests that the electron is really a 
constituent part of these substances. The opinion gener¬ 
ally held about them is that they are a most important 
constituent of all matter, and since the electron is a 
negative unit of electricity, it has to be explained how 
it is that matter still so often remains electrically neutral. 
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The main facts of electrolysis prove that in liquid 
conduction, positively charged ions play just as im¬ 
portant a part as negatively charged ones, and yet 
no experiment has succeeded in showing that minute 
particles of positive electricity, the exact counterpart 
of the negative electrons, exist. Yet the charge on the 
hydrogen ion and on a good many other varieties of 
positive ions is only just equal to that of the electron 
though opposite in sign; so it seems that the unit 
of positive charge is always linked with some mass of 
atomic size and does not exist free lilce electrons. This 
has led to the view that the main mass of an atom is 
concentrated where the positive charge is. 

Though discovered in 1895, the true nature of X-rays 
was not proved until 1913, when it was shown that they 
resemble light, being a sort of wave motion in the mther 
but of very much shorter wave-length. Between these 
two dates a great deal was discovered about the physical 
properties of X-rays and about the best ways of produc¬ 
ing them. It was found, for instance, that if an E.M.F. 
of about 50,000 volts are applied to an X-ray tube, 
the X-rays generated have only moderate penetrating 
power through the tissues of the body; this could be 
shown by the fact that with such.X-rays a very good 
radiograph is got of the bones of the hand, but a poor 
one of the hip-joint where a much greater thickness 
of tissue has to be penetrated. 

Further experiments showed that, if 100,000 volts 
were appKed to the same tube, the X-rays generated 
were much more penetrating, and this sort of relation 
is known to hold over a big range of voltage—^the higher 
the voltage, the more penetrating the X-rays produced; 
after 1913 it was possible to add the words “ the shorter 
the wave-length.” 

X-rays are generated by applying a high E.M.F. to 
an X-ray tube. This is supplied by various forms of 
electrical machinery, such as an induction coil or trans- 
fomier; but under no circumstances does it appear 
possible to apply a high E.M.F. to an X-ray tube and 
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produce X-rays of a single wave-length. What always 
happens is that heterogeneous X-rays covering a range 
of wave-lengths are produced, just as when a match is 
struck the light produced covers a considerable range of 
the visible spectrum. The range of wave-lengths actu¬ 
ally produced depends upon the voltage applied. Hence 
the important tiling to know when applying a definite 
E.M.F. to an X-ray tube is what range of wave¬ 
lengths is produced and what is the wave-length of 
the shortest. 

The following relation has been found between the 
maximum voltage V apphed to an X-ray tube and the 
minimum wave-length A (in Angstrom units {vide p. 115)) 
produced:— 

12400 , 12400 

V-T-i T- 

Example .—If the voltage applied to tie terminals of an 
X-ray tube were 124,000, then tlie shortest X-rays produced would 
have a wave-length of • 1 A.XJ. 

The air in an ordinary X-ray focus tube is generally 
pumped out so that the pressure is not more than about 
•01 mm. of mercury, and the air that is left in the tube 
plays an important part in facilitating the production 
of the kathode rays which are then directed, by the 
E.M.F. apphed to the tube, on to the anti-kathode. 
If the pressure of the air is reduced stiU further so that 
the pressure is less than -001 mm. of mercury, the 
kathode stream is not properly formed and no X-rays 
are produced. 

Sometimes the kathode stream is produced in an 
entirely different way. It has been mentioned that by 
heating a metal wire to a high temperature, electrons 
are given out by the wire. This is made use of in the 
form of X-ray tube called the Coohdge tube, where Ae 
kathode consists of a flat spiral of tungsten wire. 
Current from a small battery of lead accumulators is sent 
through the spiral, raising it to a white heat, and the 
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electrons showered out of it are then directed on to 
the anti-kathode hy the E.M.F. applied between the 
two terminals of the tube. 

There is no essential difference between the X-rays 
produced by these two different methods, provided the 
high potential E.M.F. is the same. 

Air is a bad electrical conductor, but when a beam 
of X-rays is passed through it, the conductivity is 
enormously increased; this process is called ionisation 
and it consists in the creation of positive and negative 
gaseous ions. This occurs in air, or in fact in any 
other gas through which the rays go. 

So striking is this effect that it is not a difficult 
matter with dehcate instruments to measure the ionisa¬ 
tion produced 100 yards away from an X-ray tube. 
This process of separation of the two kinds of electricity 
doubtless occurs in solids and liquids too, and very 
probably plays an important part in the biological 
changes which can be produced by X-rays. 

The two other chief physical characteristics of 
X-rays are their photographic and fluorescent action. 
X-rays have a very similar photographic action to light, 
so that X-ray photographs, or “ radiographs ” as, they are 
called, can be produced by interposing the object between 
the X-ray tube and the plate and recording the shadows 
produced; in order to get good definition, the object 
is put as close to the plate as possible. After the 
exposure, the plate is treated on the same general lines 
as in ordinary photography. Fig. 130 is a reproduction 
of a radiograph of a hand, and the details of its structure 
are well shown. 

Fluorescence is the emission by a body of rays of a 
different character to those incident upon it. For 
instance, if a colourless solution of quinine sulphate 
is exposed to a beam of ultra-violet rays, the solution 
gives out light of a lavender-blue colour; by some 
means it absorbs some of the ultra-violet rays and 
transforms them into fluorescent visible rays. Gabriel 
Stokes found that a general rule was followed in the 
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vast majority of such cases, namely, that the wave¬ 
length of the fluorescent rays is always longer than the 
incident rays. This is true also for X-rays ; these 
rays are not visible to the naked eye, but a good many 
substances are made visible by putting them in the 
path of a beam of X-rays. A cardboard screen 
covered with a layer of barium platino-cyanide crystals 
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lights up very brightly with an apple-green colour 
under these circumstances, and these screens are 
largely used for viewing purposes in the medical uses 
of X-rays. 

Rabio-activity. —Not long after X-rays were dis¬ 
covered, Henri Becquerel found that some of the 
compounds of uranium appeared to give out rays which 
had properties rather lilce X-rays, ^ese rays had the 
power of ionising the air through which they went, and 
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they could penetrate things ordinarily opaque to light 
—^they would, for instance, easily give a photographic 
impression upon plates which were wrapped in black paper. 
Becquerel undertook his investigations with the definite 
intention of seeing whether any substances under natural 
conditions gave out rays like X-rays spontaneously, 
and he discovered that this really did happen. At 
first he thought that it was something to do with the 
particular compounds of uranium which he started with, 
all of which were fluorescent; but by carefully planned 
experiments, he showed that the fact that it was a 
compound had nothing to do with the phenomenon, 
for the rays were given out by the metal uranium itself. 
Becquerel gave the name radio-activity to this phenom¬ 
enon, the spontaneous emission of rays by a body. 
Soon after this discovery in 1897, Professor and Madame 
Curie found two other radio-active substances to which 
they gave the names poloniurn and radium. Since 
then a great deal of work has been done on the subject, 
with the result that nearly forty radio-active bodies are 
now known. 

The rays given out by radio-active bodies are of three 
distinct kinds called alpha, beta, and gamma rays. 
Alpha rays are not really rays in the sense in which the 
word ray is generally used, for they are positively charged 
helium atoms which are shot out of the atoms of radio¬ 
active substances. These particles generally travel 
with about a tenth of the velocity of light, but they 
do not go more than a few inches, as the numerous 
collisions they make with the molecules of the air very 
quickly stop them; an ordinary sheet of notepaper is 
enough to stop them. In spite of the short distance 
they travel, they ionise the air through which they 
go very strongly; they can affect a photographic 
plate and cause many substances to fluoresce very 
brightly. 

Beta rays are electrons, exactly the same as those in 
the kathode stream but generally travelling with higher 
speeds; some beta rays travel with very nearly the 
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speed of light. They are not so easily stopped as alpha 
rays and can penetrate air, water, paper, and thin 
sheets of metal like aluminium, copper, and silver. 
Even the swiftest beta rays are, however, completely 
stopped by % mm. of lead or 1 mm. of platinum. These 
rays also have ionising, photographic, and fluorescent 
action. 

Gamma rays are very similar to X-rays, the only 
difference being that they generally have considerably 
shorter wave-length than X-rays. They are, however, 
not only of one wave-length but range over a consider¬ 
able region^ of the spectrum, being comprised between 
about *4 A.XJ. and -01 A.U. The shortest X-rays 
which have, yet been produced have a wave-length 
of about -05 A.U. 

The production of alpha, beta, and gamma rays by 
radio-active bodies is an entirely natural process. The 
beta and gamma rays from a milligram of radium 
sealed up in a thin glass tube can be fairly accurately 
measured, and if ten tunes the amount of radium be 
taken, the yield of rays is found to be exactly ten times 
as great. 

The fact that alpha rays are helium atoms suggests 
either that helium is always mixed up with the radio¬ 
active substances that emit alpha rays, or that we are 
here witnessing a very remarkable change in the atoms 
of which these substances are made; for if a helium 
atom does really come out of a radio-active atom, this 
must lead to a different atom being formed. This is 
what is believed to happen, for radio-active bodies 
actually change one into the other ; for instance, solid 
radium changes very gradually into a different substance 
called radium emanation or radon, which is a gas, 
and this in turn gradually changes into another sub¬ 
stance called radium A, which is a sohd, and so on; 
the changes do not stop here but go on, as may be 
seen from the series of substances which are arranged 
in column 1 of Table 10. 
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Taule 10 
The Radium Series 


Substance, 

Atomic 

Weight. 

Time to ’i)e^^ay 
to Malf Value. 

Rayy Emitted. 

Radium 

220 

.1,()80 years 

Alplia and beta. 

Radium emanation, 
or radon 

222 

3-86 days 

Alplia. 

Radium A 

218 

minutes 

Alpha. 

Radium B 

214 

2G-5 minutes 

Beta and gamma. 

Radium 0 

214 

19 *5 minutes 

Alplia, beta, and 
gamma. 

Radium C' and C" . 

214| 

lO"*® seconds 
1 *9 minutes 

Alplia. 

1 Beta. 

1 

Radium D 

210 

16*7 years 

Beta. 

Radium E 

210 

5 days 

Beta and gamma. 

Radium E (polonium) 

210 

136 days 

Alpha. 

End product . 

206 

Non-radio 

active 



In other columns will be found some information 
about the rays which these different bodies emit and 
the relative times which they take over the trans¬ 
mutation from one substance to another. In the case 
of radium, the change of this substance into radon is so 
slow that it can hardly be measured in a direct way, 
and the time mentioned in Table 10 is an indirect 
estimate rather than a measurement. In the case of 
radon, this substance changes into radium A more 
rapidly, and the rate at which it changes can be accurately 
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measured. Suppose, for instance, that the activity of 
some of this radio-active gas at any moment is 100 
units, then in almost exactly 3-86 days it will be found 
to have diminished to a strength of 50 units ; in another 
3-86 days this activity will be reduced again to one- 
half, namely, 25 units, and so on, always taking 3-86 
days to diminish to one-half of its strength. This time 
is called the time period of the radio-active body; it is 
characteristic of the particular body concerned and 
there is no known way in which it can be altered. It 
will be seen that if a body follows this simple law in the 
way in which it gradually decays, theoretically it never 
entirely vardshes, because however often we may halve 
a positive quantity, a small positive quantity will always 
remain. \^en the time period is a matter of minutes, 
as it is for instance in the case of radium A, then after, 
say, a day, the amount of it remaining unchanged is 
too small to be detected. 

The alchenaists of the last century tried to transmute 
the baser elements into the more precious; during this 
time Nature was doing not quite this, but something 
analogous, in many minerals which were scattered about 
the earth’s crust. The importance of radio-activity in 
many natural phenomena is gradually being recognised, 
and the use of beta and gamma rays in medicine in the 
treatment of disease is becoming a very important 
branch of radio-therapy. 

The discovery of X-rays and radio-activity and the 
isolation of the electron, aU within a few years of each 
other, mark an epoch in physics comparable with those 
created by the researches of Isaac Newton, Michael 
Faraday, or Clerk Maxwell. 





APPENDIX 

ELECTRICAL UNITS 

It has been explained in previous pages that three sets 
of units are used in electi’ical work. It is, of course, 
important to know what relation these bear to one 
another. The electro-static units have been derived 
from a knowledge of the phenomena associated with 
the existence of static charges; the electro-magnetic 
units have been derived from a knowledge of what 
happens when electricity is put into motion; both of 
these sets of units are largely used in many branches 
of scientific work, but at the same time the need was 
felt for more practical units, and these are either 
multiples or submultiples of the units derived from 
fundamental considerations. 

In Table 11 these three different sets of units will 
be found grouped together, and the value of any one 
unit in any of the three systems may be found by 
inspection. 

Table 11. 




Value in C.G.S. Units. 

Quantity. 

Name of 
Practical Unit. 



Electro-static. 

Electro¬ 

magnetic, 

Quantity of electricity . 

Coulomb 

10-1V 

10-1 

Strength, of current 

Ampere 

10-1V 

10-1 

Electro-motive force 

Yolt 

10®-fV 

10® 

Resistance . 

Ohm 

109 

10® 

Capacity . 

Parad 

10-972 

10-9 


¥•=3 X W® cm. per sec. 
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CJiajpters^ and the NUMBERS refer to the pages 


MECHANICS 


Acceleration, definition of, 2 
Archimedes, principle of, 29 
Atmospheric pressure, 35 
Barometer, 36 

— corrections to, 36 
Boyle, law of, 38 
Capillarity, 34 

Centre of gravity, definition of, 20 
Diffusion of gases, 42 

— of liquids, 41 

— of solids, 40 

Energy, conservation of, 10 

— definition of, 10 

— Idnetic, 10 

— potential, 10 
—■ units of, 10 

Eorce, components of, 14 

— definition of, 6 

— moment of, 18 

— resolution of, 14 

— units of, 7 
Eriotion of liquids, 27 

— of solids, 16 


I Eundamental units, 1 
Inclined plane, 15 
Lever, varieties of, 21, 22, 23, 24 
Mechanical advantage, 21 
Momentum, conservation of, 8 

— definition of, 8 
Newton’s laws of motion, 6 
Osmotic pressure, 42 
Pendulum, simple, 5 
Pressure, atmospheric, 35 

— in a fluid, 31 
Pulley, varieties of, 25 
Pump, force, 38 

— suction, 38 
Scalar quantity, 5 

Specific gravity, definition of, 30 
Surface tension, 33 
Siphon, 37 
Vector quantity, 5 
Velocity, uniform, 2 

— variable, 2 
Work, definition of, 8 

— units of, 8 


HEAT 


Bunsen ice calorimeter, 61 

Caloric theory of heat, 72 

Calorie, definition of, 47 

Calorimeter, 48 

Charles, law of, 57 

Cryophorus, 63 

Dew point determinations, 64 


Expansion of gases, 54 

— of liquids, 51, 52, 53 

— of solids, 49, 60, 51 
Gas equation, 58 
Heat, definition of, 44 

— mechanical equivalent of, 72 

— unit of, 47 
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HKAT- --Oontmved. 
Jlygroinotry, <54 
Kata-fcliormomotor, 05 
Latenfc lioat of fusion, OO 
Latent boat of vaporisation, 00 
Liquefaction of gases, 58 
.Kolativo humidity, 03 
Sx)ocilio heat, dolinition of, 48 
Toxni^oraturo, absolutes, 50 

— critical, 58 

— definition of, 44 


TJiormal conduction, (55, 07, 08 

— (tonvootion, 00 

— radiation, 70, 71 
Thormodynamiiis, lirst law of, 73 
Thonnometers, calibration of, 45 

— maxiiniun and minimum, 47 

— varieties of, 4:5 
Vacuum vessel, 7i2 
Vapour pressure, 02 


LIGHT 


Achromatism, 123 
Candle-power, 77 
Critical angle, 87 
Bioptre, dofinitio.ii of, 98 
Eye, description of, 105 
Illumination, intensity of, 77 
Images produced by lenses, rules for 
finding, 98 

Inverse square law, 70 
Lens, concave, 100 

— convex, 97 

Light, absorption of, 80, 121 

— definition of, 76 

— polarisation of, 128 

— reflection of, 81 

— refraction of, 82 

— speed of, 126 
Magnification, definition of, lOU 
Microscope, simple, 110 
Mirror, concave, 87 

— convex, 90 

— plane, 84 

Optical images, rules for formation 
of, 86 

—• media, classification of, 80 


Pliotometry, 77, 78, 79, 80 
Polarimotor, 131 
IVwor, iliumhmtiiig, 77 
Prism, deviation of light by, 94 

— dispersion of light, by, 123 

— minimum deviation caused by, 95 

— Nicofs, 130 

— small angled, 9G 
Kofleotioix, total internal, 87 
Ilofraotive index, 83 
Snell, laws of, 82, 83 
Spectroscope, construction of, 47 

— direct vision, 125 
Spectrum, absorption, 121 

— arc, 119 

— band, 119 

— emission, 118 

— lino, 119 

— solar, 114 

— spark, 119 

Telescope, magnifying power of, 112 

— simple, 112 

Vision, accommodation in, 100 

— defects of, 107 


SOUND 

Amplitude, 134 
Anti-node, 136 
Beats, 136 
Boppler effect, 137 
Harmonic, 136 
Eode, 135 
Overtone, 135 


Pitch of note, 134 
Besonance, 138 
Siren, 136 
Timbre, 134 
Vibration of a wire, 136 
— stationary, 136 
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Coulomb’s law, 144 
Dielectric constant, 147 
Electrical capacity, 151 

— capacities in parallelj 156 
-in series, 157 

— charge, 144 

— condenser, 152 

— potential, 149 


Electrical units, 153 
Electrometer, 155 
Electro-static machines, 158 
— voltmeter, 155 
Induction, 149 

Specific inductive capacity, 147 
-table of values, 148 


MAGNETISM 


Angle of dip, 169 
Broadside position of magnet, 
Coulomb's law, 161 
Dia-magnetism, 162 
Dip-circle, 169 

End-on position of magnet, 165 
Magnet, 160 

Magnetic declination, 169 

— field, 163 

— moment, 162 


I Magnetic pole, 160 
' — substance, 160 
— surve^t^ui# ' 

Magnetism of the earth, 169 
Magnetometer, 167 
Molecular magnetism, 170 
Oscillation of magnet, 168 
Paramagnetism, 162 
Unit magnetic pole, 167 



CURRENT ELECTRICITY 


Ampere, 176 
meter, 177 

Electrical currents, heat generated by, 
185 

-magnetisation by, 190 

-measurement of, 182 

-work done by, 185 

—• discharge in gases, 201-204 

— polarisation, 196 

— resistances, 178 

-arranged in parallel, 180 

-in series, 181 

-eq^uivalent, 196 

-measurement of, 182 

— thermometry, 187 
iHectro-chemical eq^uivalent, 196 
21ectrolysis, 194 

— Earaday’s law of, 195 
electrolyte, 194 


Electrolytic cells, 197-199 
Electro-motive force, 178 
Galvanometer mirror, 176 

— moving coil, 177 

— tangent, 176 
Hysteresis, 192 
Ions, 194 

— migration of, 194 

Magnetic fields due to currents, 172 et 
seq. 

— meridian, 174 
Migration velocities, 200 
Ohm, law of, 178 

— specification of, 182 
Thermo-electricity, 188 
Thermo-electric couple, 189 
Unit current, definition of, 175 
Wheatstone bridge, 183 
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Diathermy, 214 
Dynamo, 212 
Earth inductor, 211 
Electro-magnetic induction, 205 
Induced E.M.E., 208 


Induction coil, 208 
Lonz’s law, 211 
Motor, 213 
Telephone, 213 
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Alpha rays, 222 , 

Beta rays, 222 
Electrons, discovery of, 216 
Eluorescence, 220 
Gamma rays, 222 
Radium, 222 



X-rays, nature of, 218 

— penetrating power of, 218 

— physical characteristics of, 220, 

— production of, 218 - ^ 

— properties 

— radj^^irt-ph, 220 
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